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Abstract 
The Red Wing Creek Field in the Williston Basin was discovered in 1972, and is 
one of a few well-known petroleum fields in the world to produce from a structure 
associated with a meteorite impact.  Interpretation of a 3-D seismic dataset, covering 
145 km2 over Red Wing Creek Field, shows that the crater has a diameter of 9.1 km 
and can be divided into three unique structural zones. First, the central uplift complex 
has a maximum diameter of 5.1 km, and consists of an uplifted central core, composed 
entirely of strata of the Mississippian Madison Group, and a flanking inner rim. The 
seismic reflectivity within the central core is poor, but well log data indicates extensive 
stratigraphic repetition. The central core is surrounded by an annular rim (1.7 km wide), 
which is structurally thickened by imbricate thrusts that dip towards the central 
core.  This rim comprises eight distinct radial sectors, segmented by nine high-angle, 
reverse faults. 
The second portion of the crater is a depressed annular trough with a maximum 
diameter of 1.5 km; its inner limit is bounded by antithetic normal faults and its outer 
limit by concentrically linked normal faults that dip toward the central part of the crater. 
This group of faults marks the edge of the third zone, the outer rim. The outer rim is 
iii
slightly uplifted, relatively undisturbed, and its strata dip at a maximum angle of 8° away 
from the central crater. 
Through detailed mapping of the stratigraphy and structural features within the 
Red Wing Creek seismic dataset, a multistep kinematic model of crater formation has 
been developed. The first step is the contact/compression stage that produced a 
shockwave, which propagated as deep as the Middle Devonian strata. The next stage 
was the excavation stage that removed the Upper Mississippian through 
Triassic/Jurassic section in the central crater. The final stage of formation is the 
modification stage, which produced most of the structural features, present in the 
crater’s final morphology (folding, outward directed thrusting, and radial faulting), due to 
the interaction of the inward collapsing crater walls and the outward collapsing central 
uplift complex.  
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INTRODUCTION 
 The Red Wing Creek field is located in McKenzie County, western North Dakota, 
in the Williston Basin (Figure 1). Discovered in 1972, the origin of the Red Wing Creek 
structure was considered anomalous until exploration drilling experienced an unusually 
thick oil column in its central portion. The Red Wing Creek structure was interpreted 
(Brenan, et al. 1975) and later confirmed (Koeberl, et al. 1996) to be a product of a 
meteor impact. Its origin places it in a unique category of oil and gas fields producing 
from impact related structures (Table 1). 
 In 1968, Shell Oil Company drilled the first well in township T148N-R101W 
(Figures 2-4), which would later be the location of the 1972 True Oil discovery well. 
Despite the fact that the No. 22X-28 Government well was a dry hole, the unusually 
thick and structurally shallow Mississippian and Pennsylvanian section made the results 
of the well the most significant well drilled in the Williston Basin since the Nesson 
Anticline was drilled in April 1951 (Brenan et al., 1975). After acquiring a 2-D seismic 
survey in 1965 (Figure 5), workers were able to map an annular trough paired with a 
structural high at the Mississippian level. The central portion of the line was treated as a 
data washout zone, and was, therefore, avoided as an exploration target (Figure 2). 
Initially, twelve interpretations of the circular feature that included compressional 
tectonics, salt diapirism, igneous intrusion, reef growth, salt dissolution, and 
combinations of these features (Brenan et al., 1975). The meteorite impact theory was 
included in the list of possible explanations but was considered to be less probable 
(Stone, 2005). There has also been speculation that Red Wing Creek is a popup 
1
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Figure 1. Location map of the Red Wing Creek in Western North 
Dakota, Williston Basin.  Major anticlines and the location of the 
Newporte impact crater are annotated. (modified from Koeberl et al., 
1996 and Sonnenberg and Pramudito, 2009).
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structure related to the intersection of two strike slip faults (Bridges, 1978, 1987; Stone, 
2005). 
The site of the 22X-28 well was chosen as the first drilling location due to the 
presence of a structural high at the edge of the data washout zone (Figure 5).  Although 
the 22X-28 well was a dry hole, oil shows and the unusual thickness of the Mississipian 
Mission Canyon section led Shell to drill the Turnquist 13X-15 in the adjacent structural 
low (D. Kerr, personal communication, 2009). This well was also dry and the Red Wing 
Creek acreage, held by Shell, was relinquished and left inactive until it was drilled by 
True Oil Company in August 1972. Rainbow Resources initially sold the acreage to True 
based upon a structural high mapped on the Ordovician Red River Formation (D. Kerr, 
personal communication, 2009), but the initial well was drilled centrally in the data 
washout zone that had been previously avoided. The #22-27 Burlington Northern well 
encountered 2,850 feet (869 m) of Mississippian oil column where regionally there was 
normally 100 foot (30 m) thick oil columns with 15 net feet (4.57 m) of pay (Brenan et 
al., 1975). Upon discovery, there was renewed enthusiasm and the success at Red 
Wing Creek that led to extensive drilling as well as many discoveries and new play 
concepts in the deepest part of the Williston Basin (J. Rogers, personal communication, 
2009) (Figure 6).  
Production at Red Wing Creek began in October 1972 and in the following seven 
years, 23 wells were drilled in addition to the #22-27 discovery well. Activity slowed from 
1980 to 1994 with only four wells being drilled in the field. With the acquisition of 3D 
seismic data in 2001, ten additional wells were drilled at Red Wing Creek. Of the 39 
wells drilled in the field, 24 of those have been drilled within the central core or in the 
8
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Figure 6. Regional structural contour map of the top basement of the 
Williston Basin. Red Wing Creek Field is located near the structurally 
deepest portion of the basin. Depth is subsea and the contour interval is 
1000 feet (305 m) (modified from Brenan et al., 1975).
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immediately adjacent inner rim (Figure 3), which was avoided by early exploration wells 
(Figure 2). To date, 97% of the 17MMBO produced has come from the central core, 
and 22 of the 24 wells in this zone are still producing. Current estimates place the total 
reserves at Red Wing Creek to be more than 60MMBO (Table 2) (R. Barton, personal 
communication, 2009).  
This thesis aims to provide the most thorough structural interpretation of the Red 
Wing Creek meteorite impact feature to date. The main objectives are to: 
(1) integrate 3D seismic data with available well data in order to provide an accurate 
picture of the three dimensional nature of the Red Wing Creek structure at multiple 
levels; 
(2) interpret and describe distinct structural styles and their distribution across the 
Red Wing Creek structure; 
(3) provide an explanation for the source of the sediment that fills the crater space 
between the crater floor and the overlying, draping sediments; and 
(4) develop a kinematic model for the formation of the Red Wing Creek structure that 
follows the progression from compression to the post-modification stage.  
DATA SET 
 The data set for this study consists of a 3D depth migrated seismic data cube, 3D 
seismic attribute volumes, and wireline logs, all of which were provided by True Oil 
Company. The original pre-stack time migrated 3D seismic volume was acquired by 
Quantam Geophysics in 2001, and the pre-stack depth migrated volume was generated 
10
Operator True Oil Company 
Discovery Date 1972 
First Production October 1972 
Maximum Oil Column Thickness 3090 feet (942 m) 
Net Reservoir Pay Thickness 1605 feet (489 m) 
Reservoir lithology Fractured carbonates 
Number of wells 39 Wells 
Total Production 17 MMBO 
Total Reserves Estimate 60 MMBO 
Reservoir Age Mississippian 
Drive Mechanism Gas Solution 
Fracture Permeability 30-50 mD 
Matrix Permeability >1 mD 
API Gravity 42.4° 
Viscosity .25 cp 
Reservoir Temperature 241°F (116°C) 
Original Gas-Oil Ratio 947CF/bbl:1 
Current Gas-Oil Ratio 2500SCF/bbl:1  
Seals Evaporites 
Status Producing 
Source of Information Roger Barton, personal 
communication, 2009 
Red Wing Creek Field
McKenzie County, North Dakota, T148N-R101W
Table 2. Field summary of Red Wing Creek in McKenzie county North Dakota. 
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in 2004, by Tricon Geophysics. The PSDM dataset covers approximately 56 square 
miles (145 square km) (Figure 3) and has a total of 547 lines and 472 traces with a bin 
spacing of 88 feet by 88 feet (26m x 26m). The data have a record length of 18,015 feet 
(5490 m) with a sampling interval of 15 feet (4.57 m). All depth annotations with seismic 
lines are in measured depth. There is a 2200 foot (670.6 m) datum that corresponds 
with average sea level in the area.  
In 2007, Geo-Texture Technologies reprocessed the PSDM data for True Oil to 
generate a Principal Component Filtered (PC-Filt) volume that specifically preserves 
discontinuities within the seismic data set. The PC-Filt process reduces noise in the 
seismic data and preserves discontinuities, which allows for a better structural 
interpretation of the data as well as input for the generation of additional seismic 
attributes. All structural and stratigraphic interpretation was done using the PC-Filt depth 
volume, and all attributes used in the study were generated from the PC-Filt volume by 
Geo-Texture Technologies or within Schlumberger Petrel and TerraSpark Geosciences 
Insight Earth. Seismic interpretation was done using SMT Kingdom Suite, Schlumberger 
Petrel, and TerraSpark Geosciences Insight Earth.  
 True Oil Company provided all well data used in the project. There are 52 wells 
in the project with varying log suites, which include gamma ray and resistivity. Log 
interpretation was done within IHS Petra and SMT Kingdom Suite; wells were originally 
tied to the seismic volume to aid in the pre stack depth migration.  
REGIONAL SETTING AND PETROLEUM PRODUCTION IN THE WILLISTON BASIN 
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The Williston Basin is primarily an intacratonic basin that covers a large area 
(133,000 mi2/345,000 km2) of the northern Great Plains in the western parts of North 
and South Dakota, eastern Montana, and southern Saskatchewan and Manitoba 
(Figure 1) (Gerhard, et al., 1991). Initital sedimentation began in North Dakota during 
the Late Cambrian and continued through the Tertiary; more than 15,000 ft (4575 m) of 
strata were deposited; the Paleozoic strata are 10,000 ft (3048 m) thick and the 
Mesozoic strata are 5,000 (1524 m) thick (Figures 7, 8). During the Early to Middle 
Paleozoic, the basin was filled with shallow marine carbonates with some siliciclastic 
deposits. There was also considerable evaporite deposition of supratidal or shallow 
marine origin. From the Late Paleozoic to Tertiary, the depositional conditions changed 
to primarily siliciclastic deposition (Peterson and MacCary, 1987).  
 Basin subsidence began during the Middle Ordovician and continued through the 
Mesozoic with minor periods of deformation. The uniform rates of subsidence and the 
lack of major tectonic events allows for the Paleozoic and Mesozoic stratigraphy to be 
correlated regionally for hundreds of miles without major interruptions or stratigraphic 
changes. This stratigraphic continuity was the primary condition that made the Red 
Wing Creek structure so anomalous when first recognized during the late 1960’s to 
early 1970’s (Figure 9).   
Several erosional events in the Williston Basin occurred during the Siluro-
Devonian, Late Mississippian, and Early Triassic. These erosional events were 
associated with minor deformation and resulted in the shifting of the basin axis, folding 
and faulting along Precambrian lines of weakness in a northwest and northeast strike 
direction, and truncation along the basin margins (Brenan et al., 1975). During the latest 
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Cretaceous to early Tertiary, the Laramide orogeny caused a period of significant 
deformation in the Rocky Mountain region. The effects of the Laramide orogeny causes 
the development of the Cedar Creek Anticline and Poplar Dome in the western Williston 
Basin (Figure 1); The central Williston Basin had only minor effects along reactivated 
Precambrian joints and fractures.  
Petroleum reservoirs are present at many stratigraphic levels ranging from the 
Upper Cambrian to Cretaceous in the Williston Basin (Figure 10). However, primary 
petroleum production has come from Paleozoic strata. Since production began in the 
North Dakota portion of the Williston Basin in 1951, there have been several exploration 
cycles that focused on different play types. Current exploration activity focuses heavily 
on horizontal drilling for oil in the Upper Devonian to Lower Mississippian Bakken 
Formation. Estimated undiscovered resources in the North Dakota, Montana, and South 
Dakota portions of the Williston as of 2008 are approximately 3,800 MMBO and 3,700 
BCFG (Anna et al., 2008); most of the remaining oil and gas resources are thought to 
reside in the Bakken Formation. 
 
DETAILS OF RED WING CREEK PETROLEUM SYSTEM 
Reservoir 
 The Mississippian Madison Group consists of the Mission Canyon, Charles, and 
Lodgepole Formations (Figure 8), which is the most productive interval in the North 
Dakota portion of the Williston (Table 3). The Madison Group is interpreted to be a 
marine shelf/ramp series (Gutschick and Sandberg, 1983) that extended from New 
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Table 3. Cumulative oil production chart through 2009 from the North Dakota 
portion of the Williston Basin. The majority of historical oil production has 
come from the Mississippian Madison Group, particularly the Mission 
Canyon formation (modified from North Dakota Industrial Commission, Oil 
and Gas Division, 2009).
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Mexico to Canada, and is thought to represent a second order sequence that lasted 
approximately 12 million years (Sloss, 1963). This sequence is capped by a major 
karsted disconformity that represents a hiatus of 5 to 34 million years (Sonnenfeld, 
1996). This unconformity also corresponds to the top of the Kaskaskia Sequence 
(Sloss, 1963).  
Through December 2009, the Madison Group had produced 905 MMBO, which 
comprises slightly more than one-half of the cumulative oil production in North Dakota. 
Total cumulative oil production from the North Dakota portion of the Williston is 1,743 
MMBO (Table 3). 
The Mississippian stratigraphic section, undisturbed in the Williston Basin, has an 
average thickness of 1000 ft (304 m) (Figure 11). In the central core of the Red Wing 
Creek structure, the Mississippian stratigraphic section has a maximum thickness of 
4000 ft (1219 m) due to structural repetition of the Madison Group. Three reservoir 
intervals are present at Red Wing Creek Field: the Mission Canyon, Charles, and 
Kibbey Formations (Figure 10). All three are Mississippian in age, but only the Mission 
Canyon and Charles Formations are present in the central core of the structure, which 
comprises 97% of the 17 MMBO produced to date.  
 The Mission Canyon Formation is primarily thick-bedded, fossiliferous, or oolitic 
limestone (Figure 8) interbedded with dolomites and anhydrites (Peterson, 1987). 
Toward the central part of the Williston Basin, the Mission Canyon Formation is 
primarily composed of crystalline limestone but the dolomite percentages increase 
toward the edges of the basin (Peterson, 1987).  The depositional environment is 
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interpreted to have been an open marine to coastal sabkha setting (Lindsay, 1988). The 
overlying Charles Formation is primarily interbedded limestones, shales, and evaporites 
(halite and anhydrite) that were deposited in a restricted marine environment. 
Importantly, the seismic velocities of the Charles Formation’s evaporites are 
considerably slower than the Mission Canyon Formation.  
 The shallowest reservoir interval at Red Wing Creek is the Mississippian Kibbey 
Formation. The Kibbey primarily consists of shale, siltsone and sandstone deposited in 
a shallow marine setting (Peterson, 1987). In the middle of the Kibbey Formation, a 
regionally extensive carbonate unit is present that is referred to as the “Kibbey Lime.” 
Production from the Kibbey Formation is rare in the Williston Basin, and the Red Wing 
Creek Field is one of the few locations that has a well producing from this interval.  
 Production at Red Wing Creek comes entirely from a fractured reservoir that has 
a permbeability of 30 to 50 mD. Matrix permeability of the reservoir is less than 1 mD of 
permeability (R. Barton, personal communication, 2009). The reservoir’s drive 
mechanism is gas solution. The Mission Canyon reservoirs at Red Wing Creek produce 
through secondary porosity, which contrasts with this formation’s production in most of 
the Williston Basin. Surrounding fields with an undisturbed Mississippian stratigraphic 
section commonly have oil columns that are less than 100 ft (30 m) thick. The 
anomalously thick Mississippian section in the brecciated central core, at Red Wing 
Creek, has an oil column up to 3,090 ft (942 m) thick with a net reservoir pay of 1,605 ft 
(489 m) (Table 2). The original oil-water contact in the discovery well was at -7,600 ft 
(2316 m) subsea depth; as the field has been produced, the oil-water contact has risen 
to -7,400 ft (-2256 m) subsea depth and shallower. 
22
Source Rocks and Oil Characteristics 
 Within the Williston basin, Paleozoic source rocks are present in the Cambrian, 
Ordovician, Devonian, Mississippian, and Pennsylvanian strata (Figure 10) (Peterson, 
1995). Currently, no source rock studies have been done in Red Wing Creek Field, but 
the source has been interpreted as the Bakken shale due to regional source studies and 
oil occurrences within the field (R. Barton, personal communication, 2010).  
 Within the field, the oil has a 42.4° API gravity, a viscosity of 0.25 cp, and a 
reservoir temperature of 241° F (116° C). The original gas/oil ratio was 947CF/bbl:1 and 
the current GOR is approximately 2500SCF/bbl:1 (R. Barton, personal communication, 
2009). Gas that is produced at Red Wing Creek is reinjected to maintain reservoir 
pressure. One unique aspect of the oil is the presence of dissolved salt (up to 2% by 
weight). 
Seal 
Because there has been no production from strata overlying the Upper 
Mississippian Kibbey Formation, the seal at Red Wing Creek has been interpreted as 
the evaporite facies within the Charles Formation (Figure 8). Fracturing is interpreted to 
extend upward through the most brittle formations (i.e. limestones and dolomites) and 
does not extend into the more ductile formations in the field (evaporites). Importantly, a 
Triassic through the Middle Jurassic unconformity erodes the upper part of the 
deformed strata. The oldest formation that completely covers the entire crater is the 
Jurassic Rierdon and Piper Formations (Figure 8). 
ECONOMIC POTENTIAL OF IMPACT CRATERS AND CRATER TYPES 
23
Economic Potential of Impact Craters 
Lunar craters have been recognized for centuries. The cause of these features 
was debated until the mid 20th century. A meteor impact as a cause for terrestrial 
craters was first suggested in 1903 for Barringer Crater (Meteor Crater), Arizona 
(Barringer, 1905). The general consensus in 1903 and for decades to follow was that 
large craters were formed by explosive events that were attributable to volcanic activity 
(Hodge, 1994). The meteorite impact theory was still debatable until the late 1950’s to 
early 1960’s until scientists began to publish studies that illustrated the geologic process 
of cratering as a result of meteorite impact (Melosh, 1989).   
Since the discovery of Barringer Crater, there have been 176 confirmed impact 
craters identified in the world (Figure 12) (Earth Impact Database, 2009), with an 
average of five new craters discovered per year (Grieve, 2005). The original interest in 
Barringer crater was for its economic potential, and as more terrestrial impact craters 
were discovered, the economic potential of these structures was recognized. Of the 176 
confirmed craters, 35 are known to have some economic potential (petroleum and 
minerals), and 20 have actually produced some sort of economic resource (Grieve and 
Masaitis, 1994; Grieve, 1997). The latest estimate of the total value produced from 
impact-related structures in North America is estimated at $15 billion dollars per year 
from petroleum and mineral production (Grieve, 2005). Red Wing Creek Field is 
included in this list of petroleum producing impact structures with fields like the 
Newporte structure (Figure 1) in North Dakota (total reserves of 15 MMBO) and the 
Ames structure in Oklahoma. The Ames Structure’s primary reserves are estimated to 
be up to 50 MMBO and 20 BCFG (Donofrio, 1997). 
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The Cantarell Field of southern Mexico is the largest petroleum field associated 
with a meteorite impact.  The reservoir formed by carbonate bank collapse that resulted 
from the seismic energy produced by the Chicxulub impact, which is approximately 220 
miles (350 km) to the east (Grajales-Nishimura et al., 2000). The field is located in the 
Campeche Bank, offshore of southern Mexico, and produces from faulted Cretaceous-
Tertiary carbonate breccias. Total primary reserves from this area are estimated to be 
as large as 30 billion barrels and 15 trillion cubic feet of gas (Donofrio, 1997).  More 
than 60% of Mexico’s daily production comes from Cantarell field. Grieve (2005) 
estimates that meteorite impacts and related structures in North America produce a total 
value of 15 billion dollars per year. The majority of this amount is derived from Cantarell 
Field.  
  
CRATER CLASSIFICATION 
 Impact craters are classified according to their size and morphologies. The two 
main classifications are simple and complex meteor craters (Melosh, 1989). The final 
crater morphology is dependent upon the target lithology (sedimentary or crystalline), 
the diameter of the crater, and the surface gravity at the site of the impact. Simple 
craters, on earth, have a smaller diameter in comparison to lunar craters. Simple, lunar 
craters can have a much larger diameter than terrestrial craters before their morphology 
changes to a complex crater (Melosh, 1989).  
Simple Craters 
26
The smaller of the two major crater classifications is referred to as simple impact 
craters. On Earth, these often have a diameter that is smaller than 3-4 km (1.9-2.4 
miles) depending upon the target rock lithology, and a symmetrical bowl shaped 
morphology with a raised outer rim (Figure 13). Those simple impact craters, which 
have a purely sedimentary target lithology (non-crystalline target lithology), tend to have 
a smaller diameter. Where the diameter is larger, the crater’s morphology changes to a 
complex impact feature (Osinski, 2006). In contrast, lunar craters with this morphology 
can be as large as 15 km (9.3 miles) before their morphology changes to a complex 
crater. Lunar crater’s final depth: diameter ratio is usually about 1:5 (Melosh and Ivanov, 
1999). Within the crater, there are few topographical features that disrupt the parabolic 
shape of the crater floor (Figure 13). Coring of simple craters (e.g. Brent Crater in 
Ontario, Canada) has revealed that the crater fill is usually composed of broken rock 
debris and shock melted rock that is left over from the excavation of the crater cavity 
(Grieve, et al. 1977, Melosh and Ivanov, 1999). Volumetrically, the initial crater fill takes 
up one-half of the volume of space above the crater floor (Melosh and Ivanov, 1999). 
Because the brecciated crater fill is derived primarily from the crater walls, simple 
impact craters form by a collapsing event of the crater rim directly immediately after the 
initial excavation stage. The final crater rim edge is left at the angle of repose, which is 
approximately 30° (Melosh, 1989).  
Complex Craters 
 Once craters reach a specific diameter, they begin to form a series of diagnostic 
morphological features that differentiate them from simple, parabolic-shaped craters 
(Melosh, 1989). The most diagnostic feature of these complex craters is the central 
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uplift or peak (Figure 14). On Earth, the transition from simple to complex crater 
morphology occurs at diameter length of 2-4 km (1.2-2.4 miles) and is dependant on the 
lithology of the target rock (Grieve, 2006). The larger crater diameter results in a 
significant increase in the amount of collapse from the crater rim, and the largest 
confirmed terrestrial crater is the Vredfort impact in South Africa with a diameter that is 
estimated to be 250 to 300 km (155-186 miles) in length (Grieve et al., 2008). A 
complex crater on asteroid 4 Vespa is estimated to have a diameter as large as 460 km 
(285 miles) across (Melosh and Ivanov, 1999). 
 Unlike the diagnostic parabolic shape of simple craters (Figure 13), complex 
impact craters develop several characteristic features within the crater and along the 
crater’s rim (Figure 14). The most notable features that form during complex crater 
collapse are a raised central uplift (CU, Figure 14) or peak, flat floors or troughs (AT, 
Figure 14), and terraced, inwardly slumped outer rims (OR, Figure14). The terraced 
outer rim forms by collapse after impact and consists of a series of concentric, linked 
normal faults (Melosh and Ivanov, 1999). The central peak is not composed of debris 
that has collapsed from the outer rim, rather is composed of rocks that sat at or below 
the crater floor and were uplifted to a height that is equal to approximately 8 percent of 
the crater’s diameter (Melosh, 1989). The crater floor, or rim syncline, is filled by melted 
rock or an allochthonous breccia from the collapsing crater walls, which is similar to the 
crater fill that is observed at simple craters. According to these criteria, Red Wing Creek 
is a small, complex crater with a preserved central uplift, annular trough, and a raised 
outer rim (Figures 15, 16).  
29
D C
U
O
R
O
R
AT
AT
d T
d A
D
- f
in
al
 d
ia
m
et
er
 o
f c
om
pl
ex
 c
ra
te
r
C
U
- c
en
tr
al
 u
pl
ift
 in
 c
en
tr
al
 c
or
e
d T
- t
ru
e 
cr
at
er
 d
ep
th
d A
- a
pp
ar
en
t c
ra
te
r d
ep
th
   
   
 C
ra
te
r f
ill
   
   
 E
je
ct
a
Fi
gu
re
 1
4.
 C
ro
ss
 s
ec
tio
n 
of
 a
 c
om
pl
ex
 im
pa
ct
 c
ra
te
r. 
C
om
pl
ex
 c
ra
te
rs
 h
av
e 
th
re
e 
di
st
in
ct
iv
e 
m
or
ph
ol
og
ic
al
 fe
at
ur
es
. 
Th
e 
fir
st
 is
 a
 ra
is
ed
, t
er
ra
ce
d 
ou
te
r r
im
 (O
R
), 
a 
de
pr
es
se
d 
an
nu
la
r s
yn
cl
in
e 
or
 tr
ou
gh
 (A
T)
, a
nd
 th
e 
ce
nt
ra
l c
ra
te
r, 
w
hi
ch
 is
 u
su
al
ly
 e
xp
re
ss
ed
 b
y 
a 
ce
nt
ra
l u
pl
ift
 (C
U
) o
r p
ea
k 
(M
od
ifi
ed
 fr
om
 O
si
nk
si
, 2
00
6)
.
or
ig
in
al
 g
ro
un
d 
su
rf
ac
e
30
NFi
gu
re
 1
5.
 3
-D
 s
ei
sm
ic
 c
ha
ir 
di
sp
la
y 
of
 th
e 
R
ed
 W
in
g 
C
re
ek
 c
ra
te
r. 
Th
e 
de
pt
h 
sl
ic
e 
is
 a
t t
he
 
B
ak
ke
n 
Fo
rm
at
io
n 
le
ve
l b
el
ow
 th
e 
cr
at
er
. T
he
 v
er
tic
al
 s
lic
e 
sh
ow
s 
th
e 
tra
ns
iti
on
 fr
om
 th
e 
un
de
-
fo
rm
ed
, n
or
m
al
 s
ec
tio
n 
ou
ts
id
e 
of
 th
e 
cr
at
er
 to
 th
e 
hi
gh
ly
 d
ef
or
m
ed
 s
ec
tio
n 
w
ith
in
 th
e 
cr
at
er
. 
K
ey
 s
tru
ct
ur
al
 a
nd
 g
eo
m
or
ph
ic
 z
on
es
 a
re
 a
nn
ot
at
ed
: o
ut
er
 ri
m
 (O
R
), 
an
nu
la
r t
ro
ug
h 
(A
T)
, a
nd
 
th
e 
ce
nt
ra
l u
pl
ift
 c
om
pl
ex
 c
on
si
st
in
g 
of
 th
e 
in
ne
r r
im
 (I
R
) a
nd
 c
en
tra
l c
or
e 
(C
C
). 
R
ef
er
 to
 F
ig
ur
e 
17
 fo
r l
oc
at
io
n 
of
 v
er
tic
al
 s
ei
sm
ic
 p
ro
fil
es
.  
V.
E.
=2
x
45
00
ft
(1
37
0m
)
45
00
ft
(1
37
0m
)
20
00
ft
(6
10
m
)
O
R
AT
IR
IR
C
C
O
R
M
ax
0 M
in
31
N12
00
ft 
(3
66
m
)
30
00
ft 
(9
15
m
)
30
00
ft 
(9
15
m
)
V.
E.
=2
.5
x
C
.I.
=1
00
ft 
(3
0.
5m
)
72
00
ft
77
00
87
00
97
00
82
00
92
00
10
20
0
D
ep
th
 (M
D
)
Fi
gu
re
 1
6.
 T
hr
ee
 d
im
en
si
on
al
 d
ep
th
 m
ap
 o
f t
he
 to
p 
M
is
si
on
 C
an
yo
n 
Fo
rm
at
io
n.
 In
 th
e 
ce
nt
ra
l u
pl
ift
, t
he
 s
ur
fa
ce
 re
pr
e-
se
nt
s 
th
e 
sh
al
lo
w
es
t d
ep
th
 w
he
re
 th
e 
M
is
si
on
 C
an
yo
n 
is
 in
te
rs
ec
te
d 
by
 p
en
et
ra
tin
g 
w
el
ls
. W
el
ls
 th
at
 p
en
et
ra
te
 th
e 
ce
n-
tra
l u
pl
ift
 in
di
ca
te
 s
ig
ni
fic
an
t r
ep
et
iti
on
 o
f t
he
 M
is
si
on
 C
an
yo
n 
in
te
rv
al
 re
su
lti
ng
 in
 a
n 
ab
no
rm
al
ly
 th
ic
k 
M
ad
is
on
 G
ro
up
 
se
ct
io
n.
 A
t i
ts
 s
ha
llo
w
es
t d
ep
th
, t
he
 M
is
si
on
 C
an
yo
n 
is
 u
pl
ift
ed
 3
00
0 
fe
et
 (9
14
.4
) h
ig
he
r t
ha
n 
th
e 
ad
ja
ce
nt
 a
nn
ul
ar
 tr
ou
gh
 
an
d 
m
or
e 
th
an
 2
00
0 
fe
et
 (6
09
.6
) h
ig
he
r t
ha
n 
th
e 
ou
te
r r
im
. M
aj
or
 s
tru
ct
ur
al
 z
on
es
 a
nd
 ra
di
al
 fa
ul
ts
 (r
ep
re
se
nt
ed
 b
y 
w
hi
te
 
ra
di
al
 li
ne
s)
 a
re
 a
nn
ot
at
ed
 a
nd
 o
ut
lin
ed
: o
ut
er
 ri
m
 (O
R
), 
an
nu
la
r t
ro
ug
h 
(A
T)
, a
nd
 th
e 
ce
nt
ra
l u
pl
ift
 c
om
pl
ex
 c
om
po
se
d 
of
 
th
e 
in
ne
r r
im
 (I
R
) a
nd
 th
e 
ce
nt
ra
l c
or
e 
(C
C
). 
A
t t
he
 M
is
si
on
 C
an
yo
n 
fo
rm
at
io
n 
le
ve
l, 
th
e 
ra
di
al
 fa
ul
ts
 d
on
’t 
re
ac
h 
th
e 
ed
ge
 
of
 th
e 
in
ne
r r
im
 b
ut
 tr
an
si
tio
n 
to
 a
 ra
di
al
 fo
ld
 a
s 
ill
us
tra
te
d 
in
 F
ig
ur
e 
47
.  
 IR
C
C
AT
O
R
32
 As the crater diameter increases due to continued crater wall collapse, the 
central uplift will also begin to collapse and form an uplifted inner ring, which occurs at 
approximately one-half of the rim diameter (Figure 14). These complex crater 
morphologies are referred to as “peak ring craters” and have been observed on Earth, 
Mercury, Mars, Venus, and on the Moon (Melosh, 1989).  
In addition to the two primary categories, some large craters can have additional 
rings than the amount of rings present in typical peak ring craters. For example, the 
Chicxulub crater in Mexico is one of a few terrestrial multi-ring craters (Morgan et al., 
1997). In general, the formation of these features is due to a low-viscosity layer that 
exists below the crater floor (Melosh and Ivanov, 1999). 
METHODOLOGY 
 Several methods were utilized to adequately describe and interpret the Red Wing 
Creek data set. The first method was a seismic attribute analysis used to detect high-
angle faults in a depth-oriented view of the seismic attribute data. The remaining low-
angle faults were interpreted in a vertical profile view of the seismic data. The next 
method was to integrate the well log and seismic data sets to make an accurate 
stratrigraphic interpretation, which honors the faults interpreted in previous methods. 
The final method was a series of seismic amplitude extractions, of the crater fill, to 
delineate discrete collapse blocks.   
Seismic attribute analysis for structural interpretation 
 Due to the structurally complex nature of the Red Wing Creek structure, several 
different methods were used to adequately interpret the feature. Traditional 
33
interpretation of vertical seismic profiles proved to be difficult because the distribution 
and length of the faults vary abruptly in three dimensions, due to the circular fault 
pattern. By interpreting seismic attributes in plan view, individual faults can be mapped 
and fault orientations can be better recognized and interpreted.   
 Two workflows utilizing seismic attributes were used to map high-angle faults 
around the Red Wing Creek structure. The initial input for these workflows was a 3-D 
PSDM data set that had undergone principal component processing (PC-Filt). The PC-
Filt volume was used for seismic interpretation because this processing method reduces 
noise in the seismic data set while preserving amplitude discontinuities. The final 
product is a 3D seismic volume where amplitude edges have been preserved (Figure 
15). Amplitude edge preservation is particularly important in this data set due to the 
highly faulted nature of the Red Wing Creek structure. 
 From the PC-Filt PSDM volume, a coherency-like volume was generated. This 
attribute, referred to as the Edge Stacked attribute (Figure 17), is similar to coherency, 
which is a measurement of seismic waveform similarity through cross-correlation and 
semblance (Chopra and Marfurt, 2007). The Edge Stacked attribute is effective in 
delineating breaks in continuity in plan view; however, these breaks are often 
discontinuous vertically and interpreting continuous fault surfaces using the coherency 
attribute accurately is difficult. For faults to be picked from the coherency-like data, the 
coherency breaks must be aligned in depth to represent a fault surface. For this first 
workflow, the linear discontinuities are traced in vertically and laterally to form a relative 
probability fault-enhanced volume (Figures 18, 19). The continuity along probable fault 
planes is enhanced and discontinuities unrelated to faulting are removed (Dorn et al. 
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2miles (3.2km)
Data limits N
CCFig. 15 
Figure 17. Plan view of the Edge Stacked seismic attribute at the Mississip-
pian Mission Canyon Formation level. This attribute is similar to the coherency 
attribute because it measures seismic waveform similiarities. The dark linea-
tions mark breaks in similarities or faults and are assigned low values. The 
lighter zones represent higher similarity values or no faulting. The red dashed 
lines indicates the limits of the 3-D seismic survey. The dark blue lines indi-
cate the locations of the vertical seismic profiles illustrated in Figure 15. Note 
the chaotic nature of the edge stacked attribute within the central core (CC). 
This is indicative of the poor seismic quality present in this structural zone. 
Therefore, an accurate structural interpetation within the central core wasn’t 
possible.  
Max
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2miles (3.2km)
Data limits N
Max
Min
Figure 18. Fault enhanced seismic attribute in plan view at the Mississippian 
Mission Canyon Formation level. The fault enhanced attribute is a relative 
probability volume that aligns breaks in coherency into continuous fault 
surfaces. Lighter values represent those zones where breaks in coherency 
have been traced in depth and in azimuth and align to form a fault surface. 
The red dashed line indicates the limit of the 3-D seimic volume. Major struc-
tural zones are annotated: OR (outer rim), AT (annular trough), IR (inner rim), 
and CC (central core).   
OR
AT
IR
CC
36
Fi
gu
re
 1
9.
 S
ei
sm
ic
 c
ha
ir 
di
sp
la
y 
of
 th
e 
fa
ul
t e
nh
an
ce
d 
se
is
m
ic
 a
ttr
ib
ut
e 
at
 th
e 
M
is
si
ss
ip
-
pi
an
 M
is
si
on
 C
an
yo
n 
Fo
rm
at
io
n 
le
ve
l w
ith
 in
te
rs
ec
tin
g 
fa
ul
ts
 p
re
se
nt
 a
t t
he
 c
ra
te
r r
im
 
bo
un
da
ry
. T
hi
s 
at
tri
bu
te
 w
as
 u
se
d 
to
 in
te
rp
re
t h
ig
h 
an
gl
e 
fa
ul
ts
 w
ith
in
 th
e 
cr
at
er
. 
15
00
ft
(4
57
m
)
V.
E.
=2
x
50
00
ft
(1
52
4m
)
50
00
ft
(1
52
4m
)N
37
2005). High-angle faults were then interpreted from the fault enhanced attribute from the 
crater rim to the central uplift of the crater.  
 The second workflow used for structural interpretation of high-angle faults was 
the Ant Tracking algorithm (Figures 20, 21). As with the fault enhanced attribute, the 
basic input was a coherency-like attribute that detects breaks in continuity within the 
PSDM data set. This algorithm searches for the shortest path in three dimensions to the 
next coherency break. The final product is a volume where adjacent breaks in 
coherency have been connected to form continuous fault surfaces and to eliminate 
features associated with stratigraphic heterogeneities (Chopra and Marfurt, 2007). 
Overall, these two structural attribute methods generated similar results, but still were 
complementary; cumulatively, the methods provided a more complete and detailed 
structural picture along the Mississippian reservoir level.  
 Although the described structural attribute methods are effective in detection and 
interpretation of high-angle faults, their usefulness is limited in detection of low-angle 
structural features. Within the Red Wing Creek structure, there is a mixture of high-
angle normal faults, high-angle thrust faults, and low-angle thrust faults. The low-angle 
thrust faults are not detected with the Fault Enhanced or Ant Tracking attributes 
because they are most likely seen as discontinuities related to stratigraphy and are 
filtered out. Traditional interpretation on vertical seismic profiles is the only method that 
was utilized to accurately interpret these low-angle, structural features. 
Well-to-Seismic Ties 
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Figure 20. Plan view of aggressive Ant Tracking seismic attribute at the Mis-
sissippian Mission Canyon Formation level. The Ant Tracking algorithm takes 
a coherency-like attribute as the input and connects the zones of low coher-
ency in depth. The blue zones on the attribute slice are indicative of a con-
nected zone of low coherency or a fault. Along with the fault enhanced attri-
bute, the Ant Tracking seismic attribute was utilized to interpret high angle 
faults within the crater. This attribute also illustrates the chaotic nature of the 
seismic data within the central uplift.The red dashed line indicates the limits of 
the 3-D seismic volume. 
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 Accurate well-to-seismic ties are crucial for an accurate structural interpretation 
in highly deformed areas. Wells were initially correlated to the seismic, and the 
corresponding formation tops were then correlated throughout the seismic data set. No 
synthetic seismograms needed to be generated to tie the wells to the seismic data set. 
In general, there were few inconsistencies between the formation tops and the 
regionally correlated horizons, and where inconsistencies were present, the mis-tie was 
within one seismic reflection (Figure 22). If a well-to-seismic correlation was 
questionable, the well tops in the remainder of the field were used as a reference as to 
where the stratigraphic top should correlate with the seismic survey.  
 There is one zone where the discrepancy between the seismic and well ties is so 
great that the seismic data are ignored altogether. Specifically, the #22-27 well is 
located in the center of the central core (Figure 3) and penetrates as deep as the 
Ordovician Red River Formation. Inconsistencies between the well and seismic data 
that are as great as 500 feet (152m), and the well data indicate that there is a significant 
depression instead of an uplift beneath the central core (Figure 23). This mistie occurs 
directly beneath the central core where there is an apparent seismic “pullup”, i.e. a 
decrease in the depth of the seismic reflection. This “pullup” was first noticed in the 
original 2D, time based seismic data in the early 1970’s and was attributed to the lack of 
Mississippian evaporites within the central core. Because the central core consists 
primarily of Mississippian carbonate strata, the seismic velocities are considerably faster 
than in the rest of the field where evaporites are present. The localized area of higher 
velocities is responsible for the data pullup seen in time based seismic surveys over 
Red Wing Creek. When the pre-stack depth migration processing was done, this pullup 
41
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below the central core was not resolved and remains in the current depth volume. Thus, 
this pullup should be ignored as a migration artifact in following images throughout this 
thesis.  
Crater-fill interpretation 
 The shallowest interval that is studied in detail is the crater-fill strata that lie on 
the crater floor. The crater-fill strata consist primarily of collapse blocks derived from the 
uplifted crater walls that formed during modification. To accurately delineate the extent 
and geometries of the collapse blocks, a volumetric attribute method was needed. 
Because there were multiple stages of collapse from the crater wall, collapse blocks are 
dipping at different angles. The blocks that directly overlie the crater floor are primarily 
dip concordant with the underlying strata. For these blocks, the seismic data set was 
flattened on the crater floor and dip magnitude and dip similarity attribute volumes were 
generated to image the extent of the collapse blocks. The overlying blocks, in contrast, 
are not dip concordant with the crater floor, and therefore the attribute volume crosscuts 
the amplitude data. 
 To compensate for the varying dip angles of the collapse blocks (Figure 24), a 
volumetric amplitude extraction was generated from the flattened crater floor (at the 
base) to the overlying, draping Jurassic strata (at the top). By measuring the maximum 
amplitude from the crater floor to 400 feet above (122m), the extent and geometries of 
all of the collapse blocks that fill the crater were imaged. The amplitude extraction was 
verified by manually picking each collapse block separately in the seismic volume.  
DESCRIPTION 
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 The complexity of the Red Wing Creek structure affects three discrete 
stratigraphic levels with associated abrupt changes in structural styles. Thus, the 
deformed area will be described in discrete stratigraphic levels, and then further 
subdivided according to structurally or morphologically significant features. The section 
underlying the primary impact structure, which shows some deformation, is described 
first. Stratigraphically, this section ranges from the Ordovician Red River Formation to 
the Devonian Bakken Formation (Figure 23). The middle zone contains the primary 
structure of the Red Wing Creek impact; this zone extends from the top of the Bakken 
Formation to the Permian-Triassic Spearfish Formation (Figure 25). The upper zone 
represents the crater fill and includes the Middle to Upper Permian section to the 
overlying Jurassic strata.  
Lower Zone-Red River to Bakken Formation 
 The isopach map of the Red River to Bakken interval in the study area reveals 
several regionally extensive trends (Figure 26). First, the interval thins from the 
northeast to the southwest of the study area. Second, a localized thin in the 
southwestern portion of the field that is due to a structural high at the Ordovician level 
whose expression decreases shallower in the section. The last and most significant 
trend is the central portion of the interval that is approximately 400 feet (122m) thinner 
than surrounding areas (Figures 26-30).  
The Middle Ordovician to Upper Devonian section shows some evidence of 
deformation due to the impact, but the majority of this section is unaltered and 
resembles the regional stratigraphic patterns seen elsewhere in the basin. Ten wells 
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penetrated the Red River Formation within the Red Wing Creek area (Appendix A, 
Figures 27-31); beneath the central core, the #22-27 is the only well penetrating the 
Ordovician level (Figures 3, 23). As discussed above, the seismic-to-well mistie at the 
Red River and Bakken levels in the 22-27 well is approximately 200 feet (61m) and 400 
ft (122m) high, respectively, due to seismic migration error (Figure 23).  
At the Red River level, the strata shallow gradually from east to west; below the 
central core, the well data suggest that there are only minor depth variations in this zone 
(Figure 32).  A localized structural high is present in the southwest section of 200 feet 
(61m) above the regional depth (H on Figure 32). This local high is also present in the 
overlying Bakken Formation (H on Figure 33), but is less pronounced in the overlying 
strata. At the Bakken level, this structure is approximately 100 feet higher (31m) than its 
regional depth. The depth variations and contours beneath the crater have a slightly 
circular pattern at the Red River and Bakken levels (Figures 32, 33). Possibly, this 
pattern could be a migration artifact due to the highly variable velocities in the strata in 
the overlying crater.  
Faulting within the Red River to Bakken interval is relatively simple in comparison 
to the overlying Mississippian section. Significant faults occur in two general areas 
within the dataset at this level (Figure 32). The first area is located within the southwest 
structural high (H on Figure 32). The faults present here have a vertical offset of up to 
180 feet (55m) and extend laterally for .85 miles (1.36km). The fault planes dip to the 
southwest at an angle of up to 70° . The faulting present at the Red River Formation is 
composed solely of high angle reverse faults. The faults extend as deep as 3,000 feet 
(914m) below the Red River level into the basement and they extend as high as 2,500 
57
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feet (762m) above the Red River. None of the faults present at the Red River level 
appear to intersect the overlying Bakken Formation (Figure 34).  
The other faulted zone at the Red River level occurs in the northeast section of 
the dataset (Figures 32, 34). At the Red River level, in the northeast zone, faults cut the 
section at two levels. This faulted zone is the most pronounced with 300 feet (91.4 m) of 
vertical offset. The fault planes dip at 55° to 65° toward the southwest with a thrust 
direction toward the east-northeast, and extend laterally for as much as 1.7 miles 
(2.74km).  Smaller reverse faults are present at a shallower level with up to 200 feet 
(61m) of vertical offset and 50° dip angles toward the southwest. These faults appear to 
be detach at the top of the Red River Formation (Figure 34).  
 Seismic attributes, utilized to delineate structural patterns, indicate that there are 
extensive small scale faults that cut the Red River to Bakken interval. The fault pattern 
seen in the fault enhanced (Figures 35-36) and ant tracking seismic attributes suggests 
the fault pattern is dominantly circular at this level. A circular fault pattern supports the 
idea that the impact affected the faulting within this interval. The depression of the 
Bakken Formation, present in the stratigraphic well tops, also suggests that the Red 
River to Bakken interval has been affected by the impact (Figures 27, 29). 
The Bakken Formation, unlike the underlying Red River Formation, shows a 
significant depression underlying the central portion of the impact structure (Figure 33). 
In the #22-27 well, the Bakken Formation is depressed by as much as 600 feet (183m) 
in comparison to its regional depth. The underlying Three Forks, Birdbear, and Duperow 
Formations (Figure 8) are also lower in the #22-27 well in comparison to their regional 
61
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Figure 35. Fault enhanced seismic attribute in plan view below the Devonian 
Bakken formation (11,400 feet measured depth on Figure 36b). The fault 
enhanced attribute suggests that minor faulting, within the Red River to 
Bakken formation interval, are circular in nature. The circular fault pattern 
indicates the impact has effected the faulting within this interval, but it is 
possible that this pattern, in the seismic attributes, is a product of velocity 
variations in the overlying strata. 
64
Po
s
0 N
eg
SW
N
E
Fi
gu
re
 3
6a
. U
ni
nt
er
pr
et
ed
 s
ei
sm
ic
 p
ro
fil
e 
th
at
 c
or
re
sp
on
ds
 w
ith
 F
ig
ur
e 
36
b.
 L
oc
at
io
n 
of
 th
e 
pr
of
ile
 is
 s
ho
w
n 
in
 th
e 
in
de
x 
m
ap
.
25
00
ft 
(7
62
m
)
V.
E.
=1
.5
x
6,
00
0
8,
00
0
10
,0
00
12
,0
00
Depth (ft)
65
Po
s
0 N
eg
B
as
e 
K
ib
be
y
U
nc
on
fo
rm
ity
M
is
si
on
 C
an
yo
n
In
ne
r R
im
A
nn
ul
ar
 T
ro
ug
h
O
ut
er
 R
im
SW
N
E
Lo
dg
ep
ol
e
B
ak
ke
n
C
ra
te
r F
lo
or
C
ol
la
ps
ed
 C
ra
te
r
W
al
l
Pr
im
ar
y 
C
ra
te
r
R
im
 F
au
lt
R
ol
lo
ve
r
A
nt
ic
lin
e
D
ep
th
 s
lic
e
fr
om
 F
ig
. 3
5
Fi
gu
re
 3
6b
. S
ei
sm
ic
 p
ro
fil
e 
di
sp
la
yi
ng
 ri
m
 w
al
l t
er
ra
ci
ng
 a
t t
he
 o
ut
er
 ri
m
 to
 a
nn
ul
ar
 tr
ou
gh
 tr
an
si
tio
n.
 N
ot
e 
th
e 
st
ru
ct
ur
al
 
ro
llo
ve
r i
n 
th
e 
ha
ng
in
g 
w
al
l i
n 
th
e 
an
nu
la
r t
ro
ug
h.
 T
he
 in
ne
r l
im
it 
of
 th
e 
an
nu
la
r t
ro
ug
h 
is
 b
ou
nd
ed
 b
y 
a 
se
rie
s 
of
 im
br
ic
at
e 
th
ru
st
s 
fa
ul
ts
 th
at
 d
et
ac
h 
w
ith
in
 th
e 
Lo
dg
ep
ol
e 
Fo
rm
at
io
n.
 S
m
al
l s
ca
le
 fa
ul
ts
 b
et
w
ee
n 
th
e 
B
ak
ke
n 
an
d 
R
ed
 R
iv
er
 fo
rm
a-
tio
ns
 h
av
e 
be
en
 a
nn
ot
at
ed
. T
he
 d
as
he
d 
bl
ac
k 
lin
e 
re
pr
es
en
ts
 th
e 
fa
ul
t e
nh
an
ce
d 
at
tri
bu
te
 d
ep
th
 s
lic
e 
in
 F
ig
ur
e 
35
. L
oc
a-
tio
n 
of
 th
e 
pr
of
ile
 is
 s
ho
w
n 
in
 th
e 
in
de
x 
m
ap
.
25
00
ft 
(7
62
m
)
V.
E.
=1
.5
x
6,
00
0
8,
00
0
10
,0
00
12
,0
00
Measured Depth (ft)
66
depth. However, at greater depths, the localized depression disappears. By the top of 
the Souris River Formation, the strata beneath the central area are no longer 
appreciably deeper that their regional depth (Figures 27, 29).  
Primary Impact Structure-Bakken to Spearfish Formation 
 The main stratal interval modified by the Red Wing Creek impact is the interval 
from the top of the Bakken Formation to the top of the Permian-Triassic Spearfish 
Formation. Based on detailed structural interpretation (Figures 37, 38) and regional 
thickness variations (Figure 39), four distinct structural zones across the Red Wing 
Creek structure are recognized within the Bakken to Spearfish interval. Located from 
the outside toward the central crater the zones are: (1) an outer rim, (2) annular trough, 
(3) raised inner rim, and (4) central core. The annular trough and inner rim are both 
situated concentrically around the central core.  
The first zone is the outer rim, which surrounds the structure (Figures 15, 16). 
The strata in the outer rim are relatively undisturbed (Figure 31). Adjacent to the outer 
rim is the annular trough (Figures 15, 16). The outer rim is separated from the annular 
trough by high angle listric normal faults, whereas, the annular trough is often bounded 
externally, toward the crater center, by antithetic normal faults. The third zone is the 
inner rim (Figures 15, 16), which is primarily characterized internally by low angle 
thrusting away from the central crater as well as high angle thrusts that verge radially 
away from the central core. The final structural zone is the central core (Figures 15, 
16).  Traditionally, the centrally uplifted strata, as well as the adjacent inner rim, would 
be treated as the central uplift. For this study, the central core refers only to the sector 
67
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that has an anomalous structural uplift and consists of a discontinuous, chaotic seismic 
facies (Figure 15). The central core lacks all Upper Mississippian, Pennsylvanian, and 
Permian strata above the Charles Formation (Figures 27-30). The “inner rim” plus the 
“central core” make up the “central uplift complex” but they are described separately 
below, because they have very different seismic characteristics, structural 
characteristics, and stratigraphic characteristics. Log data suggest that there are 
extensive thrust faults within this zone, but the seismic data within the region does not 
adequately image the faulting that is present (Figures 15, 23).  
Outer Rim transition to Annular Trough 
The outer rim is the first of four unique structural zones at Red Wing Creek. Away 
from the crater, this zone generally conforms to regional dip, which is less than a degree 
toward the northeast at the Mission Canyon Formation level (Figure 16). Toward the 
inner edge of the outer rim, which is located at an average distance of 2.4 miles (3.9 
km), from the central point of the central core. Close to the edge of the outer rim, the 
strata are elevated structurally above their regional expression and dips away from the 
central core (Figures 16, 38).  
Most of the section present in the outer rim conforms to the regional dip seen 
within the basin but this begins to change closer to the crater edge (Figures 16, 28). 
Regionally, the top of the Mission Canyon Formation dips at less than 0.5° toward the 
northeast (Brenan et al., 1975). At a distance of approximately 0.4 to 0.6 (.64 to .97 km) 
miles away from the crater edge, the strata begin to dip from 2.5° to 8.5° away from the 
crater (Figures 28, 30). The exception to this dip pattern is in the southwest sector of 
71
the structure. The crater wall-to-annular trough transition appears symmetrical around 
the entire crater, except in the southwest section, where the strata begin to dip away 
from the crater at a distance of 1.2 (1.9 km) miles from the crater wall. The stratigraphic 
section within the annular trough is considerably thinner than the section present in the 
outer rim (Figure 39). The top of the Bakken to the Base Kibbey, in the annular trough, 
is up to 600 feet (183 m) thinner than what is present in outer rim.   
At the crater edge, the transition to the downthrown annular trough occurs, which 
is the second unique structural zone. The transition is marked by a series of linked 
normal faults that become listric at depth (Figures 36, 40-41). At the crater edge, listric 
normal faults detach within the shales at the lower Mississippian Lodgepole Formation 
(Figure 40). In map view, the normal faults, which mark the crater edge, have an 
arcuate geometry and a strike length that ranges from 0.4 to 1.8 miles (0.64 to 2.96 km).  
These normal faults are overstepped and linked, which is characteristic of fault styles in 
extensional structural environments (Peacock, 2002). 
These normal faults are oriented concentrically around the structure (Figure 42). 
The faults in the north, east, and southern sections occur at an average distance of 2.4 
miles (3.9 km) from the central crater (Figures 37, 42), whereas, the faults in the 
western and especially the southwestern section occur at a distance that is as short as 
1.9 miles (3.06 km) from the center. From these measurements, the original diameter of 
the Red Wing Creek crater is determined to be 4.9 miles (7.89 km). As the crater walls 
collapsed, the crater widened to a final diameter of 5.7 miles (9.17 km). 
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Along the most areally extensive faults, normal displacement can be up to 600 
feet (183 m) at the Mission Canyon level and the dip angle of the major bounding faults 
ranges from 50° to 70° toward the central crater (Figures 28, 30). Their total vertical 
length ranges from approximately 1,500 to 2,000 feet (457-610m), however their 
present vertical extent is less than their original length. This is due to the collapse of the 
original crater walls onto the crater floor (Figure 43). Reconstructing the original height 
of the crater wall above the crater floor isn’t possible due to the collapse of the crater 
wall as well as the Triassic to Jurassic unconformity that caps the Red Wing Creek 
structure.  
Three examples are shown here that illustrate different structural styles in the 
transition from the outer rim to the annular trough around the Red Wing Creek structure: 
(a) sharp (Figure 40) to (b) gradual (Figure 41), to (c) stepped (Figure 36) transition to 
the hanging wall of the normal faults. The structural expression of the hanging wall also 
varies around the crater.  
(a) Sharp: Examples of a sharp transition from the outer rim to the annular trough 
in the southeast section of the crater are shown in Figure 40. The hanging wall is 
separated from the footwall by a single normal fault that detaches within the Lodgepole 
Formation. The maximum normal displacement at the Mission Canyon Formation level 
along this fault is 550 feet (168 m), and the fault dips at an angle of 52° toward the 
central crater. The hanging wall is bound, toward the crater center, by a series of 
antithetic normal faults that dip at an angle of 70° to 75° toward the outer rim (Figures 
40). These antithetic faults are also listric and sole into the Lodgepole detachment; 
these faults mark the boundary between the annular trough and the inner rim. Within the 
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hanging wall, the Lodgepole to Base Kibbey section is unfaulted but the block is rotated 
and the section dips at angle of approximately 5° toward the outer rim (Figure 40). This 
type of rotational extension is common when the displacement occurs along a listric, 
normal fault surface (Wernicke and Burchfiel, 1982). 
(b) gradual: The outer rim-to-annular trough transition, located in the northeast 
section of the crater is shown in Figure 41. At this location, the transition is marked by a 
series of listric, normal faults that dip toward the central crater at a maximum angle of 
60° to 70°. The primary offset of 550 feet (168 m) occurs along one fault surface but the 
hanging wall is cut by three normal faults toward the lowest point of the annular trough 
(Figure 41). Similar to Figure 40, the inner limit of the annular trough is bounded by 
antithetic normal faults that dip at a maximum angle of 70° toward the outer rim. Offset 
on the antithetic faults can be up to 500 feet (152 m) and they all terminate onto the 
detachment at the lowest portion of the trough. A narrow graben is present at the 
intersection of the inner and outward dipping normal faults (G on Figure 41b). The 
hanging wall has rotated along the primary, listric fault but the faulted section dips 
towards the crater center at an angle of 14°.  
(c) Stepped: In the southwestern section of Red Wing Creek, the style of outer 
rim to annular trough transition is different and is exclusive to this area. The outermost 
normal faults occur at a distance of approximately 3 miles (4.8 km) from the central 
crater (Figures 37, 42). The vertical offset at these faults is only 250 feet (76 m) at the 
Base Kibbey level (Figure 36). The primary rim fault is 2.1 miles (3.4 km) from the 
central crater, has a vertical offset of 460 ft (140 m) at the Mission Canyon level, and 
dips at 70° toward the central crater (Figure 36). This rim fault, in conjunction with the 
81
two adjacent normal faults, form a series of rim terraces that has been rotated along 
listric faults. The terraced sections dip at 5° and 10° toward the outer rim, and the 
overall diameter of the rim terraces section is 0.9 miles (1.4 km) at its widest point.  
The outer rim of the southwest sector has three unique associations. First, this is 
the only location at Red Wing Creek where there is a relatively broad rim terrace 
present before reaching the primary crater rim fault (Figure 36). Second, the rollover 
anticline present in the hanging wall of the rim terrace is a rare feature at Red Wing 
Creek (RA on Figure 36b). Third, the inner boundary of the hanging wall is not 
bounded by antithetic normal faults (Figures 40, 41 to Figure 36). Instead, the 
transition to the inner rim is marked by a series of imbricate thrust faults, whose 
vergence is directed outward from the central crater.  
Inner Rim 
 The zone immediately to the inside of the annular trough is referred to the inner 
rim in this study (Figures 16, 39). The inner rim is considerably more complex 
structurally than the outer rim and annular trough and is significantly thicker than these 
two zones (Figure 39).  
Because the “inner rim” is uplifted stratigraphically, in comparison to the annular 
trough, it is one of two zones included in the “central uplift complex.” The other is 
seismically chaotic zone termed the “central core.” Nineteen wells penetrated the inner 
rim (Figure 3) and helped to constrain the structural interpretation. Another unique 
aspect to this zone is that there are two levels of detachment: an upper detachment 
level within the Charles Formation evaporites, and the lower detachment level within the 
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Lodgepole Formation. There is also a series of high angle to sub-vertical thrust faults, 
referred to as radial transpressional ridges (Kenkmann and Von Dalgwik, 2000), which 
extend radially outward from the central core. As the Mississippian through Permian 
section converges toward the central crater, these radial faults divide the inner rim into 
structurally unique sectors.  
Radial thrust faults/radial transpression ridges 
 Major thrust faults divide the inner rim into to eight sectors or blocks, each of 
which has a unique internal structural character (Figure 44). The dominant structural 
features extend radially away from the central core (Figures 44, 45). Their maximum, 
areal lengths vary from 0.3 to 1.1 miles (0.48 to 1.77 km), but none extend into the 
annular trough. The interface between the inner rim and the annular trough marks the 
distal edge of the strata that is influenced by these radial thrust faults.  
 This set of thrust faults detaches within the Lodgepole Formation shales (Figure 
44). Thrust faults cut as high as the Permian-Triassic Spearfish Formation, which is the 
youngest strata present in the crater, and are overlain by draping Jurassic strata 
(Figure 46). The major thrusts are numbered 1 through 9 and correspond with the fault 
polygons on the Base of Kibbey depth structure map (Figures 44, 46). For the following 
description, this numbering system will be used when referencing individual faults. 
 As described above, the length of these faults varies from 0.3 to 1.1 miles (0.48 
to 1.77 km) with Thrust 2 being the most areally extensive and Thrust 5 being the least 
extensive. The following measurements are the distance that the remaining thrusts 
extend away from the central core: Thrust 1 extends 0.54 miles (.87 km), Thrust 3 
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extends 0.97 miles (1.56 km), Thrust 4 extends 0.82 miles (1.32 km), Thrust 6 extends 
0.52 miles (.84 km), Thrust 7 extends 0.72 miles (1.16 km), Thrust 8 extends 0.56 miles 
(.90 km), and Thrust 9 extends 0.65 miles (1.05 km). Thrusts 4 and 6 are unique 
because at their terminus, they are intersected by other faults that are along the same 
plane, but the intersecting faults have a different structural styles and orientations. 
Thrust 4 transitions to a normal fault that dips southwest, whereas Thrust 6, which dips 
southeast, transitions to another thrust fault that dips northwest.  
There is a distinct orientation of the faults according to their location around the 
central core. The faults that are located to the east and west of the central crater, 
(Thrusts 2, 3, 7, and 8) strike primarily in an east and west direction. Those located to 
the north and south of the central core trend toward the NW (Thrust 4), NE (Thrust 6), 
SW (Thrust 1), and SE (Thrust 9).  There is also a dominant trend in thrust vergence 
according to the fault’s location around the central core. Those faults that are located in 
the northern half of the central uplift complex (Thrusts 3, 4, 6, and 7) verge toward the 
north, northwest, or northeast, whereas those in the southern half (Thrusts 1, 2, 8, and 
9) verge toward the south, southeast, and southwest. Because of this trend, the blocks 
bounded by Thrusts 2 and 7, as well as 7 and 8 appear as “pop-up” structures that are 
shallower in the section than the remaining six blocks that surround the central core 
(Figure 46). Between the major radial thrusts, there are a series of less areally 
extensive high angle, normal and thrust faults, which radiate away from the central core 
but do not have a major impact on the inner rim’s internal structure (Figure 44). Thrust 
5 is the most significant of these features and has a maximum vertical offset of 300 feet 
88
(91.4 m) (Figure 46). Some of these smaller thrusts form as back-thrusts to the main 
fault, such as Thrust 6. 
All of the major radial thrust faults extend from the Lodgepole detachment level to 
the upward to the Spearfish crater floor (Figure 46). The overall vertical length of these 
faults ranges from 2400 to 3400 feet (731.5 to 1036.3 m). The maximum vertical offset 
along these faults usually occurs at the shallowest point along the fault plane. For 
example, the vertical offset at the Mission Canyon Formation level is less than that of 
the overlying Base of Kibbey Formation marker (Figure 46). Along Thrust 7, the 
maximum vertical offset at the Mission Canyon level is 710 ft (216.4 m), when at the 
Base of Kibbey level it is 1150 ft (350.2 m) (Figures 44). Maximum vertical offset varies 
between the faults, with the greatest maximum offset values along Thrusts 2, 4, 6, 7, 
and 9 (Figures 44, 46). Along these faults the maximum vertical offset ranges from 670 
to 900 feet (204-274 m) at the Base Kibbey level.   
 The fault planes dip at similar angles; at the top of the fault, dips range from 60° 
to 75°, and the dip of the fault plane decreases with depth toward the detachment level 
(Figure 46). At Thrusts 7 and 9, the dip angle below the Mission Canyon Formation 
decreases to 40°, in contrast to 60° at the Base of Kibbey level (Figures 44, 46). The 
dip angle of the strata between the radial thrust faults often varies greatly as well. The 
dip of the blocks often increases greatly nearer to the thrust faults. This is most 
significant at Thrusts 3 and 4. The section at the Base of Kibbey level, close to Thrust 3, 
has an apparent dip of 6° away from thrust 4. Adjacent to Thrust 4, the section, 
described above, steepens to an apparent dip angle that is as high as 35° away from 
the fault interface.  
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 The structural expression of these radial thrusts or “radial transpression ridges”  
varies greatly from the point of maximum vertical offset, adjacent to the central core, to 
the terminus of the fault at the edge of the inner rim (Kenkmann and Von Dalgwik, 
2000). The structural variation along strike of Thrust 7 is illustrated in Figure 47. At its 
shallowest point, adjacent to the central core (Figure 47a), the radial transpression 
ridge is expressed by a thrust fault with a maximum vertical offset of 780 feet (237.8 m) 
at the Base of the Kibbey Formation. Away from the central crater, near the Thrust 7 
terminus (Figure 47b), the radial transpression ridge is expressed as a minor thrust with 
a maximum vertical offset of 230 feet (70.1 m) at the Base of Kibbey Formation. Beyond 
the fault terminus, the ridge transitions from a radial thrust fault to a radial fold (Figure 
47c). The fold is 0.45 miles (0.72 km) across at its widest point in strike view and is 230 
feet (70.4 m) higher than the adjacent, unfolded section. The transition from major thrust 
to minor thrust to radial fold is the typical lateral structural transition of the radial 
transpression ridges that surround the central core at Red Wing Creek. The exceptions 
are Thrusts 4 and 6 that transition to a different faulting style before the radial fold 
develops. In the case of Thrust 4, the faulted zone reaches the edge of the inner rim 
before a radial fold can develop (Figure 44).  
Upper Detachment Zone  
 Within the inner rim, most of the faulting in the lower interval (base Lodgepole 
Formation to Top of Charles Formation) detaches within the Lodgepole Formation shale 
layers, which have an average thickness of 10 feet (3.1 m) in the field. However, directly 
adjacent to the central core, there is an upper zone of imbricate thrusting between the 
Charles and the crater floor (Figure 48). The evaporite strata of the Charles Formation 
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(primarily anhydrite and halite), serve as the detachment level for the upper imbricate 
thrust zone. In the field, the Charles formation is highly deformed, but the average 
thickness of the Charles Formation evaporites is 100 feet (30.5 m) thick.  This zone 
forms a ring of outward thrusted strata around the central crater. 
 The upper thrusted zone begins 1.1 to 1.3 miles (1.77 to 2.09 km) outside the 
central point of the crater (Figure 49). The outer limit of this zone appears to be 
approximately symmetrical around the central core. Like the underlying thrusted strata, 
the upper thrusted zone is divided into eight individual zones by the radial thrust faults 
that were described above (Figure 50). The distance from the outer edge of the upper 
thrusted zone to the outer edge of the inner rim varies around central core. To the north 
the upper thrust begins 0.47 miles (0.75 km) from the edge; of the inner rim; to the east, 
it begins 0.41 miles (0.66 km) from the edge, and in the south it begins 0.40 miles (0.64 
km) from the edge of the inner rim. The southwest, western, and northwestern zones 
are structurally unique. In these areas the upper thrusted zones begin from only 0.16 to 
0.22 miles (0.26 to 0.35 km) from the inner rim limit. In some locations, the thrusted 
zone extends to the edge of the inner rim.  
The overall thickness of the upper thrusted zone differs greatly from the average 
thickness of this stratigraphic interval in the field. The drastic increase in thickness 
between the top of the Charles Formation to the top of the Pennsylvanian Tyler 
Formation is show in Figure 49. In the field, away from the central uplift, the thickness 
of this interval ranges from 500 to 600 feet (152 to 183 m). Within the upper thrusted 
zone, this interval thickness can be as high as 1,700 feet (518 m) at its thickest point, 
due to the multiple imbricate thrust faults present in this zone. 
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 This zone’s structural expression is shown in a dip oriented seismic line that 
intersects the No. 1 Burlington Northern well in section 35 (Figures 48). In this 
particular well, there are at least four zones of structurally repeated section (Figure 48). 
Specifically, the Tyler to Minnelusa Formation interval is repeated three times and the 
Kibbey Formation shows one zone of repetition. The wireline log data suggest that there 
is additional structural repetition, but this faulting could be below the resolution of the 
seismic data set. From the seismic and well data, four imbricate thrust faults can be 
mapped that detach within the Charles Formation (Figure 48). An additional fault at the 
top of the thrusted section can be mapped based solely on the seismic. Most of the 
thrusts faults, in this zone, extend as high as the Spearfish crater floor. These faults dip 
at an angle of 25° to 35° toward the central crater and all thrust vergence is directed 
outward. Where the imbricate thrust faults detach, the Charles Formation dips steeply 
(22°) away from the central core. The dip of the Charles Formation, where it is 
intersected by the upper thrust faults, varies around the crater according to which radial 
fault bounded sector it is located in.  
 The amount of displacement within the upper thrusted zone tends to increase 
toward the top of the imbricate thrust fans (Figure 48). Thrust fans are a series of thrust 
faults that diverge upward from a common detachment level (McClay, 1992). The major 
trailing fault (shallowest fault in the imbricate fan) has a vertical displacement of 450 feet 
(137 m) at the top of the Tyler Formation, whereas thrust faults deeper in the imbricate, 
thrust fan have a vertical displacement of 150 feet (46 m) at the top of the Tyler 
Formation. The fans in this zone, around the central core, are characterized as trailing 
imbricate fans (offset is greatest in the shallowest thrust fault) with maximum 
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displacement at the trailing (shallowest) thrust fault (Boyer and Elliott, 1982; McClay, 
1992). Importantly, the Triassic to Jurassic unconformity truncates this section. 
Therefore, the overall thickness of this interval and the vertical extent of the thrust faults 
can’t be determined (Figure 48).  
Individual Inner Rim Sectors 
 The inner rim is separated by radial thrust faults into eight structurally unique 
sectors (Figure 50, Table 4). The internal structure of each sector is variable and has a 
characteristic structural style (Figure 51), and the dominant structural character of each 
zone is systematically described below. Also, the discussion of each representative 
cross section will be divided into the character of the lower detachment zone 
(Lodgepole Formation detachment) and the upper thrust zone (Charles Formation 
detachment). Each sector is annotated according to its cardinal direction around the 
central core.  
N Sector 
 The north sector (N sector) is the largest of the sectors within the inner rim, and it 
covers 1.6 square miles (4.1 km2). The external geometry of the lower detachment 
zone, between the Lodgepole and the Charles Formation, is a non-cylindrical (curved 
hinge line), anticlinal fold (Figure 52). The fold wavelength is approximately 1.15 miles 
(1.85 km) at its widest point.  
Internally, the fold in the lower zone is underlain by two imbricate thrust faults 
verging away from the central crater (Figure 52). The fault planes of these two 
imbricate thrust faults dip toward the central core at a maximum angle of 30° at the 
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Sector Maximum 
number of 
thrust faults  
(upper/lower 
detachment) 
Maximum dip 
of thrusts 
faults 
(upper/lower 
detachment) 
Areal 
Coverage 
Other 
Comments 
N Lower-2 
Upper-5 
Lower- 30° 
Upper-15°-20° 
1.6 square 
miles (4.1 
km2)  
Characterized 
by internally 
thrusted fold 
NE Lower-2 
Upper-7 
Lower-75° 
Upper-25° 
.73 square 
miles (1.89 
km2) 
 
E Lower-3 
Upper-4-5 
Lower-60° 
Upper-35° 
.75 square 
miles (1.94 
km2) 
 
SE Lower-2 
Upper-6 
Lower-60°-70° 
Upper-30°-40° 
.60 square 
miles (1.55 
km2) 
Only sector 
where 
thrusting is 
directed 
toward central 
core 
S Lower-5 
Upper-6 
Lower-50° 
Upper-30° 
.55 square 
miles (1.42 
km2) 
Lower 
detachment 
zone is 
heavily faulted 
fold 
SW Lower-4 
Upper-6-7 
Lower-65° 
Upper-30° 
.92 square 
miles (2.38 
km2) 
 
W Lower-6-7 
Upper-10 
Lower-65° 
Upper-40° 
.64 square 
miles (1.66 
km2) 
 
NW Lower-4 
Upper-5-6 
 
Lower-60° 
Upper-25° 
.55 square 
miles (1.42 
km2) 
 
Table 4. Summary table of structural sectors within the inner rim.
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upper fault terminus; there is a slight increase in the dip of the fault planes toward the tip 
point. There is a decrease in the vertical offset of the two toward the top of the faulted 
section. Specifically at the Mission Canyon level, the maximum vertical offset is 225 feet 
(68.6 m), whereas at the top Charles to Base Kibbey contact, the vertical offset has 
decreased to 100 feet (30.5 m). In addition, there is a series of three normal faults along 
the inner (back) limb of the anticlinal fold, which terminates along the upper thrust plane. 
These dip at 70° toward the central core and have a maximum displacement at the 
Charles level of 215 feet (66.5 m). The outer limit of the inner rim and annular trough is 
marked by a normal fault that dips toward the crater rim. 
The upper zone is relatively thick in comparison to other sectors around the 
central core due to the space created by the inner (back) limb of the underlying 
anticlinal fold. The upper zone has a maximum thickness, between the Charles and 
Tyler Formations, of 1,500 feet (457.2 m) where the folding is greatest above the inner 
fold limb. The thrust faults in this zone verge toward the crater edge and the fault planes 
have a maximum dip of 15° to 20° toward the central core and detach within the Charles 
Formation. Vertical offset of the Tyler Formation increases upward in the section from 
70 feet along the lower thrust at the base to 180 feet (21.3 to 54.9 m) at the shallowest 
fault, which makes the trailing thrust (shallowest thrust in the imbricate thrust fan) the 
fault with greatest displacement.  
NE sector 
 The northeast sector of the inner rim is bounded to the north by radial thrust 6 
and to the south by radial Thrust 7 (Figure 50). This sector is approximately 0.73 
104
square miles (1.89 km2) in area. The lower section, Lodgepole through Charles 
Formations, is markedly different than the northern sector (Figure 50). The strata dip 
gently at an angle of 2.5 ° toward the central core before experiencing a significant dip 
change (Figure 53). Adjacent to the central core, the dip of the lower detachment 
section changes abruptly to 20° towards the crater rim. Internally, the lower section has 
a relatively simple structural style with two outward verging thrust faults that detach at 
the Lodgepole level (Figures 53). These faults dip toward the central crater and the dip 
angle along the fault plane increases toward the tip point to a maximum of 78°. Vertical 
offset is greatest in the lowest portion of the section with a maximum vertical offset of 
480 feet (146.3 m) at the Mission Canyon Formation level. The inner rim to annular 
trough transition is marked by one of these outward verging thrust faults (Figure 53). 
 The upper interval has a maximum thickness of 800 feet (244 m) between the 
Charles and top of the Tyler Formations (Figure 50). Internally, this section is marked 
by seven outward verging imbricate thrust faults that dip at a maximum angle of 25° 
toward the central crater. They detach at the Charles Formation and cut as high as the 
Spearfish Formation at the crater floor. Like the northern sector, the vertical offset 
increases towards the top of the section. The maximum offset at the top Tyler level is 
420 feet (128 m); to the west, the Triassic to Jurassic unconformity truncates the upper 
thrusted section. 
E sector 
 The east sector is bounded by Thrust 7 to the north and by thrust 8 to the south; 
it covers an area of 0.75 square miles (1.94 km2) within the inner rim (Figures 37, 50). 
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Most of the lower section dips at an angle of 5° degrees away from the central core; a 
small anticlinal fold is present at the outer portion of the inner rim, and this sector 
consists three outward verging thrust faults (Figures 54). The dip of these fault planes 
increases toward the tip line to a maximum dip of 60° toward the crater center. The 
maximum offset along these faults is in the middle portion of the section where there is 
a maximum offset of 270 feet (82.3 m) at the Mission Canyon Formation level. Similar to 
the outward verging thrust faults in sector NE (Figure 53), the thrust faults detach within 
the Lodgepole Formation and extend as high as the Charles to Base Kibbey level (but 
do not extend a significant distance beyond this level). The inner rim to annular trough 
transition is marked by these outward verging thrust faults (Figure 54).  
 The upper section consists of three outward verging thrust faults that dip toward 
the central crater at a maximum angle of 35° (Figure 54). This section has a maximum 
thickness of 1,300 feet (396 m) between the top of the Charles Formation and the top of 
the Tyler Formation (Figure 49). Similar to previous examples, the offset increases 
along shallower thrust faults to a maximum vertical offset of the Tyler Formation of 415 
feet (126.5 m). Most of the faults in this sector cut the crater floor. 
SE sector 
 The structure of this sector is markedly different that the N, NE, and E sectors. 
The SE sector is bounded to the north by thrust 8 and to the southwest by Thrust 9 
(Figures 37, 50). This sector is 0.60 square miles (1.55 km2) in area. Externally, the 
sector has an anticlinal fold with a maximum wavelength distance of 0.90 miles (1.45 
km). Internally, the sector consists of two inward verging thrust faults (Figure 48). This 
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is the only sector of the inner rim whose structural style is dominated by thrust faults 
towards the central crater. The dip angle of the fault planes increases higher in the 
section to a maximum angle of 65° toward the crater edge, with a maximum vertical 
displacement of 140 feet (42.7 m) at the Charles/base of Kibbey level. The transition to 
the annular trough is marked by antithetic normal faults that dip steeply (75°) toward the 
crater wall. The upper section for the southeast sector was described above.  
S Sector 
 The southern sector is 0.55 square miles (1.42 km2) in area and is bound to the 
east by thrust 9 and to the west by Thrust 1 (Figures 37, 50). Like the northern sector, 
the external geometry of the lower zone is an anticlinal fold with a maximum wavelength 
distance of 1.05 miles (1.69 km) (Figure 55). Internally, the lower section is heavily 
faulted by a series of five outward verging, imbricate thrust faults. The dip angle of these 
faults increases slightly upward to a maximum angle of 50° toward the crater center. 
The maximum vertical offset at the Mission Canyon level is 225 ft (68.6 m) along the 
basal imbricate thrust. The amount of offset decreases with shallower thrusts making 
this a leading thrust fan (shallowest thrust fault has greatest offset) (Boyer and Elliott, 
1982). Unlike the thrusts faults in the lower zone in the seven other sectors, these faults 
extend through the Tyler Formation before terminating. Along the inner, back limb of the 
anticlinal fold, two back thrust faults terminate on the trailing thrust fault of the under 
lying fan. These small thrusts verge toward the central crater and have a maximum 
vertical offset at the Charles Formation level of 200 ft (60.9 m). The boundary between 
the inner rim and annular trough is unclear due to the extensive faulting present along 
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this boundary. The imbricate thrusts extend a significant distance into the annular 
trough, which is unique to this sector.  
 The upper zone in the southern sector is thickest of all sectors with more than 
1,700 feet (546m) between the Charles and the top of Tyler Formation (Figures 49-50). 
The thickest portion of this interval is located over the inner, back limb of the underlying 
anticlinal fold (Figure 55). The six outward verging thrust faults dip at an angle of 30° 
toward the central core, and, like other sectors, the vertical offset increases in higher 
faults to a maximum of 240 feet (73.2 m) at the Tyler Formation level. The imbricate 
thrust faults clearly cut through and deform the crater floor.  
SW Sector 
 The southwestern sector is bound by Thrust 1 to the southeast and by radial 
Thrust 2 to the north (Figures 37, 50). This sector is 0.92 square miles (2.38 km2). 
Externally, the lower zone is characterized as an anticlinal fold with a maximum 
wavelength distance of 1.04 miles (1.67 km) with the fold axial plane dipping slightly 
away from the central crater (Figure 43). Internally, four thrust faults cut the anticline 
bounded by the Lodgepole and Charles/base of Kibbey Formation. The thrust faults are 
outward verging and dip at a maximum angle of 60° to 70° toward the central crater. 
Like the imbricate thrusts faults in most sectors, the dip angle of these thrust faults 
increase significantly toward their tip point at the Charles/base of Kibbey level. The 
vertical offset decreases upward at the Mission Canyon Formation level to a maximum 
offset of 150 feet (45.7 m). The inner rim to the annular trough transition is bounded by 
the leading thrust fault in the lower imbricate fan (Figure 55).  
114
 The upper section has a maximum thickness of 1100 feet (335 m) between the 
Top of the Charles Formation and the top of the Tyler formation above the inner, back 
limb of the underlying anticline (Figure 49). Six imbricate thrust faults, which detach 
within the Charles Formation, dip toward the central core at a maximum angle of 20° to 
30°. The thrust faults verge outward and the vertical offset along these faults increases 
upward to a maximum vertical offset at the top of the Tyler Formation of 350 feet (107 
m). The imbricate thrust faults cut the crater floor and alter its topography (Figure 43).  
W Sector 
 The western sector of the inner rim covers an area of .64 square miles (1.66 
km2). This sector is bound by Thrust 3 to the north and Thrust 2 to the south (Figures 
37, 50). Like the eastern sector, the lower interval strata gradually dip away from the 
central core at an angle of 5° to 8° (Figure 56).  
Internally, the western section is quite complex structurally with seven outward 
verging thrusts that dip toward the central crater (Figure 56). The dip angle of the fault 
planes increases significantly upward toward the tip point to a maximum of 66°. These 
faults all detach within the Lodgepole Formation and terminate at the Charles/base of 
Kibbey Formation level (Figure 56). Maximum vertical offset at the Mission Canyon 
Formation level occurs with an offset of 200 feet (60.9 m). The inner rim to annular 
trough transition is bound by these outward verging thrust faults. The thrust faults 
propagate into the annular trough, which is only seen in the south and west sectors. 
 The maximum thickness of the upper thrust section in the western sector, which 
is relatively thin in comparison to the upper sections in other sectors, is 1000 to 1100 
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feet (305 to 335 m) (Figure 49, 50). The six outward verging thrust faults dip at an angle 
of 35° to 40° toward the central core (Figure 56) and have a maximum vertical offset of 
the Tyler Formation, along the trailing thrust fault, of 300 feet (91.4 m). Unique to the 
western sector, minor thrusting of the crater floor forms within the annular trough 
(Figure 56).  
NW sector 
 The northwest sector is bound to the northeast by Thrust 4 and to the south by 
Thrust 3 (Figures 37, 50). This sector is 0.55 square miles (1.42 km2) in area. Like the 
western and eastern sectors, the strata in the lower interval of the northwestern sector 
gradually dip away from the central core at an angle of 5° (Figure 57). Internally, this 
interval is cut by four outward verging imbricate thrust faults that dip toward the central 
crater at a maximum angle of 60° at their tip point. Maximum fault at the Mission 
Canyon Formation level is 280 feet (85.3 m). One normal fault dips toward the central 
crater (away from the thrust faults) (Figure 57). Normal offset has a maximum of 100 
feet (30.5 m). Like other sectors around the south and west of the central core, the inner 
rim to annular trough transition is bounded by these outward verging thrust faults, and 
the thrust faults propagate into the annular trough.  
 Like the western and eastern sectors, the upper zone is relatively thin with a 
maximum thickness of the Charles to top of the Tyler formation of approximately 1000 
feet (305 m) (Figure 49) due to the lack of folding within the lower detachment interval. 
Five outward verging thrust faults dip toward the central crater at 25°. The maximum 
vertical offset at the Tyler formation level is 300 feet (91.4 m). The crater floor is 
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deformed by these thrust faults causing the topography of the overlying crater floor to 
be highly irregular (Figure 57). 
Central Core 
The dramatic structural uplift along the Mission Canyon level in the central core is 
shown in Figure 16. The surface in the central core represents the first point where the 
Mission Canyon is encountered in the wells that penetrate this zone. As previously 
mentioned, there is significant repetition of the Mission Canyon Formation in the wells 
that penetrate the central core. At its highest point, the Mission Canyon Formation is 
uplifted more than 3,000 feet (914.4 m) above its depth in the annular trough and 2,000 
(609.6) feet above its depth in the outer rim. 
Due to the chaotic, discontinuous nature of the seismic reflections within the 
central uplift, as well as the questionable seismic velocities associated with this zone, a 
structural interpretation based on the seismic data was not possible (Figures 15, 17, 
20). The well data was the only reliable source of information for the central core, and 
the stratigraphic patterns within the wells suggest that this zone is the most structurally 
complex sector within Red Wing Creek.  
 The seismic and well-log expressions, of the central core in cross section view 
(Figures 27-30), illustrate the stratigraphic variation and repetition within this zone. At 
its widest point, the diameter of the central core is approximately 0.95 miles (1.53 km). 
As the Mississippian strata adjacent to the central core approaches, their dip angles 
increase sharply to 20° to 30° degrees away from the central core (Figures 28, 30). 
When this dip change occurs, the Upper Mississippian through Triassic section, above 
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the Charles Formation, detaches and is thrust away from the central core, which forms 
the upper thrust zone (Figures 48, 52-57).  
 Based on the twenty-seven well penetrations (Figures 27, 29), the central core is 
composed solely of the Charles, Lodgepole, and the Mission Canyon Formations, which 
comprise the Madison Group (Figures 8, 11). The Madison Group, in the undisturbed 
Williston Basin, has an average thickness of 1,000 feet (304.8 m), within the central 
core, this interval has a maximum thickness of 4,100 (1,249.7 m) feet in the #22-27 well 
(Figure 11). This anomalous thickness is present in all wells within the central core. 
Wells that penetrate the central core suggest extensive stratigraphic repetition (Figures 
27, 29). The BN 22-27 well has at least five repeated intervals within the Mississippian 
Madison Group (Figure 27). This pattern, as well as those in other central core wells, 
suggests that the central core is cut by a multitude of high angle reverse faults, which is 
seen in other terrestrial impacts (Milton et al., 1996; Stone and Therriault, 2003). 
 In addition to the stratigraphic repetition of the Mission Canyon Formation within 
the central core, core data indicates the Mission Canyon is highly fractured (Figure 58). 
Two cores within the Mission Canyon Formation were acquired during the drilling of Red 
Wing Creek at the BN 22-27A well and the BN 24-27. Both cores indicate that the 
Mission Canyon Formation limestone is intensely fractured. The fractures are 
discontinuous and their orientations are highly variable, ranging from sub-vertical to 
sub-horizontal, and the fractures are often filled with anhydrite (Figure 58).  
   
Crater Floor and Crater Fill 
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Figure 58. Core photograph of the Mission Canyon Formation in the the BN 22-27A 
well (6862’-6868’) in section 27. This core sample represents the Mission Canyon 
within the central core. It is described as a slightly dolomitic limestone that is heavily 
fractured throughout the cored section. The fractures are discontinuous and their 
orientations are highly variable ranging from sub-vertical to sub-horizontal. The frac-
tures tend to be filled with anhydrite.The scale is marked in tenths of a foot. 
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Most surficial impact craters are initially identified by their crater floor, which is a 
prominent trough. With sufficient time, this trough will completely fill by multiple 
depositional processes. Identification of the crater floor at the Red Wing Creek feature is 
difficult because it is highly deformed by thrust faults (Figures 52-57). Differentiating 
between the deformed crater floor and crater fill can be difficult, but identification of the 
crater floor is achieved by observing subtle angular unconformities between the crater 
floor and the blocks that fill this cavity (Figures 25, 40). Also, it is identified as the 
location of the tip point for the majority of the thrust faults in the upper section.  
Crater floor   
Throughout the impact structure, the crater floor is roughly equivalent to the Late 
Permian to Early Triassic Spearfish Formation (Figures 25, 59). Like the upper zone, 
the crater floor is also affected by outward verging thrusting. The deformed nature of the 
crater floor in the northern sector of Red Wing Creek is illustrated in Figure 25. As 
discussed above, there is an unusually thick section of the Spearfish Formation in the 
Shell 13X-15 well. Koeberl et al., 1996 suggested that this abnormal thickness (768 
feet, 234.1 m) could represent a portion of the crater fill at this location. However, the 
13X-15 well along with the seismic shows that this section’s abnormal thickness is 
caused by thrust faulting and not because it is crater fill strata. There is a low angle 
thrust fault that intersects the 13X-15 well bore and this is what is creating the 
anomalous thickness of the Spearfish Formation (Figure 48).  The thrusts faults, which 
deform the crater floor, detach within the Charles Formation (Figure 24).  
124
N
1 
m
ile
 (1
.6
km
)
C
.I.
=1
00
ft 
(3
0.
4m
)
65
00
 ft
66
00
67
00
68
00
69
00
70
00
71
00
72
00
D
ep
th
 (M
D
)
Fi
gu
re
 5
9.
 D
ep
th
 m
ap
 o
f t
he
 fi
rs
t d
ra
pi
ng
 la
ye
r o
ve
r t
he
 T
ria
ss
ic
 to
 J
ur
as
si
c 
un
co
nf
or
m
ity
 (e
qu
iv
al
en
t t
o 
B
as
e 
P
ip
er
 
Fo
rm
at
io
n)
. T
hi
s 
su
rfa
ce
 is
 d
ep
re
ss
ed
 u
p 
to
 2
00
 fe
et
 (6
0.
9 
m
) w
he
n 
it 
ov
er
lie
s 
th
e 
cr
at
er
 fi
ll 
se
ct
io
n 
(A
) a
nd
 u
p 
to
 5
00
 
fe
et
 (1
52
.4
 m
) w
he
n 
it 
ov
er
lie
s 
th
e 
C
en
tra
l C
or
e 
(B
). 
 
A B
68
50
70
50
70
50
70
50
70
50 6
85
0
68
50
70
50
125
Although the amount of thrust faults that cut the crater floor and detachment level 
of these thrust faults varies around the structure, there are certain patterns that remain 
constant. First, the thrust faults that cut the crater floor begin roughly at the edge of the 
inner rim to annular trough boundary. Second, the crater floor gradually rises toward the 
central crater and dips away from the crater edge (Figures 24, 60).  
B. Crater fill 
 The crater-fill strata are categorized primarily as para-autochthonous slide blocks 
that have collapsed from the original crater wall (French, 1998). No apparent melt layer 
exists within Red Wing Creek’s crater floor. Craters, with diameters less than 12 to 15 
miles (19.3-24.1 km), formed from smaller meteorite impacts that lack the energy 
required to form a melt layer on the crater floor (Dypvik and Jansa, 2003).  
 On seismic reflection data, the crater-fill strata consist of two seismic facies: (a) 
areally extensive, coherent, high-amplitude blocks that are derived from the adjacent 
crater wall, and (b) areas where the reflections are chaotic and discontinuous. The size 
and distribution of these collapse blocks on the crater floor is show in Figure 61.  The 
largest of these blocks is up to 0.6 square miles (1.55 km2). Thicknesses range from 
500 feet to 700 feet (152.4 to 213.4 m). One well penetrates an interpreted collapse 
block (T10 well in section 15) (Figure 61), and the data suggest that these blocks 
consist of the Lower to Upper Permian strata present in the outer rim (Figure 25). The 
seismic character of these collapse blocks also indicates that they are derived from the 
adjacent crater wall (Figure 25). 
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The inner limit of the collapse blocks is controlled by the topography of the crater 
floor. The crater floor is deformed and compressed directly below the collapse blocks, 
but because the crater floor rises toward the central crater, the blocks only slide a short 
distance laterally from their original position before the crater wall collapse (Figures 24-
25). The inner limit of the slide blocks is primarily symmetrical around the crater (Figure 
61). From the central core, the distance to the northern limit of the blocks is 1.95 miles 
(3.14 km), to the east is 2.00 miles (3.22 km), to the south is 1.70 miles (2.74 km), and 
to the west is 2.05 miles (3.30).  
Where multiple blocks slid toward the central crater from the collapsed crater 
wall, they thrust over one another in a dip-oriented direction (Figure 24). In a strike-
oriented direction, the boundaries between adjacent blocks suggest lateral thrusting 
(Figure 62). There is evidence of small-scale thrust faults along their edges as they 
move toward the center of the crater. Besides the coherent collapse blocks, there is 
evidence of secondary crater fill that is characterized by a less continuous, less 
reflective seismic expression (Figure 62). At its thickest point, the crater fill is over 
1,000 feet thick (Figure 63)  
The Jurassic Piper Formation overlies the crater fill and the entire Red Wing 
Creek structure (Figure 62b). This layer drapes the structure that has been truncated 
by the Triassic to Jurassic unconformity (Figure 59).  
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 Through field and subsurface observations of terrestrial craters as well as the 
study of lunar craters, a variety of structural features have been documented and their 
formation mechanisms have be been interpreted. The Red Wing Creek data set is 
unique because it provides an almost complete (missing Triassic through Jurassic 
strata) picture of a complex impact in three dimensions. Studies of other craters have 
noted most of the dominant features documented at Red Wing Creek: radial 
transpression ridges (Kenkmann and Von Dalgwik, 2000), normal faulting, folding, and 
thrust faulting (Osinski and Spray, 2005). Still, the Red Wing Creek data set provides a 
unique opportunity to fully document these features and their process of formation. For 
definition of the cratering terminology used below, refer to Table 5. 
Interpretation of Dominant Structural Styles 
Seven unique zones and intervals are present within the Red Wing Creek 
structure: (1) outer rim, (2) annular trough, (3) lower thrust zone, (4) upper thrust zone, 
(5) radial transpression ridges, (6) central core, and (7) crater floor and fill (Figure 64). 
Each of these zones has unique internal and external structural styles (Figure 64). In 
addition, each of the structural styles is interpreted to have formed during a specific 
stage of the crater’s formation. Throughout Red Wing Creek, there are five dominant 
structural styles: (a) concentric, inward verging normal faulting and outward verging 
normal faulting, (b) folding, (c) outward verging thrust faulting, and (d) radial thrust 
faulting.  
A. Normal faulting 
133
Term Definition 
Compensation The crater’s structural response to the 
reduction of space during the inward 
directed crater collapse. 
Excavation flow The removal of strata outward of the 
crater during the excavation stage of 
crater formation. 
Particle trajectory Describes the movement direction of a 
volume of rock (e.g. The particle 
trajectory of the collapsing crater walls 
is inward toward the central core). 
Radial transpression ridges High-angle, radial reverse faults and 
folds formed due to the lateral 
convergence of the collapsing crater 
walls. 
Rock volume/mass Any volume of strata that has a uniform 
trajectory (e.g. crater walls, central 
core). 
Transient crater The crater morphology formed by 
crater wall collapse, which occurs 
during the modification stage of crater 
formation. 
Table 5. Cratering terminology used in interpretation, discussion, and description 
of Red Wing Creek. 
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 The outer rim to annular trough transition is marked by a series of concentric, 
linked normal faults that are listric in depth and detach within the Lodgepole shales 
(Figures 36, 40-41, 64). Eventually, these faults merge into sub-horizontal faults toward 
the center of the crater, similar to studies of other terrestrial craters (Kenkman, et al., 
2000). This group of faults marks the original crater wall and gives Red Wing Creek an 
apparent crater diameter of 4.9 miles (7.89 km). Overall, these faults can have more 
than 600 feet (183 m) of vertical offset at the Mission Canyon Formation level. Other 
complex impact craters with similar diameters have concentric normal faults, which 
have maximum fault offsets greater than 330 feet (100 m) (Wilson and Stearns, 1968; 
Offeld and Pahn, 1979; Spray, 1997).   
 These listric normal faults developed in response to the collapse of the 
oversteepened, transient crater walls, which in turn, form as space is created by the 
uplift of the crater floor during excavation. As the central crater is uplifted, there is an 
inward and upward movement of strata, which creates space along the crater rim. Along 
all of these crater rim faults, extension is directed toward the central core and the walls 
collapse as large, coherent blocks, which are bounded by normal faults. These gravity 
driven collapse blocks form the annular trough (Figures 39, 40-41). 
 The inner limit of the annular trough at Red Wing Creek is commonly bounded by 
outward verging concentric faults, which dip away from the central crater to form a 
graben within the annular trough (Figure 41). The outward verging faults, within the 
annular trough, could have formed in response to the gaps created by the displacement 
of the inward dipping listric faults (Davis and Reynolds, 1996; Osinksi and Spray, 2005). 
Some of the outward dipping faults bound the inner rim portion of the central uplift 
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complex. These faults likely formed due to the collapse of the outer edge of the uplifted, 
inner rim (Osinski and Spray, 2005).  
B. Folding 
 Between the Lodgepole Formation and the Charles Formation, there is significant 
folding in two sectors of the inner rim (Figures 52, 55). Maximum folding at Red Wing 
Creek occurs in the northern and southern sectors and has a maximum fold wavelength 
of 1.15 miles (1.85 km). Folding occurs in five of the inner rim sectors, except for the E, 
W, and NW sectors. The Lodgepole to Charles strata are uplifted toward the central 
crater through the inner rim in these sectors. Folding in the central uplift is a common 
feature and has been observed in terrestrial complex craters with similar diameters at 
the Decaturville and Sierra Madera craters (Wilshire, et al., 1972; Offeld and Pahn, 
1979).  
As the crater wall collapses, there is an inward movement of rock volume toward 
the crater center. The central core then oversteepens, becomes unstable, and begins to 
collapse creating an outward particle motion (Kenkmann and Von Dalgwik, 2000; 
Wieland, et al., 2003). When this occurs, there are conflicting particle trajectories and at 
Red Wing Creek, the compensation for colliding trajectories occurs within the inner rim 
of the central uplift crater complex. This compensation comes in the form of folding and 
thrust faulting within the inner rim (Figure 52, 55, 64).  
C. Outward directed imbricate thrusting 
 The Lodgepole through Charles Formation interval is cut internally by outward 
verging thrust faults (Figures 52-57). The outward verging thrust faults occur in all 
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sectors of the inner rim (Figure 50) and they are present on multiple levels where there 
is an adequate detachment surface. At Red Wing Creek, the two main structural 
detachments are the Lodgepole Formation shales and the Charles Formations 
evaporites, which are both interpreted to be mechanically weak zones. The other major 
thrust zone is between the Charles and the crater floor, which is approximately 
equivalent to the Permian-Triassic Spearfish (Figure 25). This group of imbricate thrust 
faults detach within the Charles Formation evaporites (Figure 43). Maximum 
thicknesses of the upper thrust interval occur above those areas of maximum folding in 
the north and south sectors. Because the western as well as the eastern sector rise 
gradually toward the central core and are not folded, the upper thrust intervals are thin 
in comparison (Figure 49). The upper thrust zone intersects and heavily deforms the 
crater floor, which is the main control on how far the collapse blocks slide into the crater 
(Figure 24). 
Similar to folding, the outward verging thrust faults also developed as a form of 
compensation for converging particle trajectories, which occurs when the transient 
crater wall collapses and moves downward and inward and the central core collapses 
and moves downward and outward. Some of this compensation could develop earlier 
than when the transient crater and central core collapses. When the crater floor is 
originally uplifted, it creates an inward and upward particle trajectory, which conflicts 
with the downward and outward particle trajectory created during the excavation of the 
crater (Osinski and Spray, 2005). Some folding or thrusting could occur at this point but 
it is more likely that the bulk of the compensation at Red Wing Creek occurred when the 
central core and transient crater collapsed.  
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D. Radial thrusting and Folding 
 Within the Red Wing Creek structure, three main structural mechanisms 
developed to compensate for converging particle trajectories: folding, outward directed 
thrusting, and finally radial thrusting and folding. Throughout the inner rim of the central 
uplift complex, these radial thrust faults are a dominant control on internal structure 
because they divide the inner rim into eight structurally independent zones (Figures 44-
46).  
 When the transient crater collapses, the crater walls are converging toward the 
crater center and laterally to form “radial transpression ridges” at the edges of these 
collapse blocks (Kenkmann and Von Dalgwik, 2000).  Because the rock mass is 
colliding laterally, the strata are uplifted and thrusted forming radial thrust faults. These 
faults extend away from the central core to a maximum distance of 1.1 miles (1.77 km) 
(Figure 44, 46). The height of these radial transpression ridges decreases away from 
the central crater. The point of maximum vertical offset along these thrust faults is 
immediately adjacent to the central core and maximum offset can be up to 300 feet 
(91.4 m) (Figure 47a). At the terminus of the radial thrust faults, the ridge transitions to 
a radial fold (Figure 47c). All of the major radial thrust faults detach within the 
Lodgepole Formation and do not extend into the annular trough (Figure 44, 46).  
Radial thrust ridges have been observed and described in craters with similar 
diameters (less than 10 miles (16 km)) (Kriens, et al., 1999, Abels, 2005); and in larger 
craters, these radial transpression ridges are expressed as brecciated ridges and 
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positive flower structures instead of high angle thrusts and folds (Kenkmann and Von 
Dalgwik, 2000). 
Structural Symmetry of Red Wing Creek and General Impact Angle 
 Because 50% of asteroids or comets impact the earth at an angle that is less 
than 45° and that the likelihood of a vertical impact is extremely low (Kenkmann and 
Poelchau, 2008), the probability that Red Wing Creek is the product of an oblique 
impact is relatively high. The major uncertainty is whether the likely oblique impact is 
greater or less than 45°. By observing patterns of certain structural features, as well as 
the angle of impact, the relative direction of impact can be determined. Studies at 
impact sites of Upheaval Dome, USA and Spider Crater, Australia, which are both 
comparable in size to Red Wing Creek, have shown distinct, oblique impact directions 
from their structural characteristics (Kriens et al., 1999). These craters both have radial 
thrust faults that dip in one general direction (Scherler et al., 2006). This asymmetry 
indicates a single maximum shortening direction and an impact angle. 
 Unlike these two craters, whose structural asymmetries indicate a low angle, 
oblique impact, the Red Wing Creek crater is much more symmetric. The radial thrusts 
in the northern half of the structure all thrust to the north or a general northern direction. 
The radial thrusts in the southern half of the structure are thrusting solely toward the 
south or a general southern direction (Figures 44, 46). Maximum folding is also present 
in the northern and southern sectors of the inner rim (Figures 50, 52, 55), within the 
central uplift complex. These two structural trends of vergence suggest that the 
maximum shortening direction is on a general north-south trend and that the crater is 
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primarily axial symmetric along an E-W axis. This indicates that Red Wing Creek is not 
the product of an oblique, low angle impact; likely, it is the result of an impact angle 
greater than 45°. Maximum shortening in a north-south trend could also indicate impact 
direction. Due to this trend, it is possible that the impactor struck from the north or from 
the south at an angle that is greater than 45°.  
Generally, Red Wing Creek is structurally symmetrical, with the exception of the 
major asymmetry present in the southwestern section of the outer rim to annular trough 
transition. The edge of transient crater collapse is 1.9 miles (3.05 km) from the central 
crater, while the average distance of the transient crater wall from the central crater in 
other zones is 2.4 miles (3.86 km). This could also be indicative of impact direction but 
further work is needed to determine whether this is a factor. 
Differential Compaction of Pre and Post-unconformity Strata 
An unconformity, spanning the Late Triassic to Early Jurassic, overlies the entire 
Red Wing Creek structure (Figures 28, 30).  In wells, this unconformity is usually 
recognized where the base of the Lower Jurassic Piper Formation is penetrated.  The 
age of the strata below the unconformity vary across the structure. In the central core, 
the Lower Jurassic Piper Formation overlies the Mississippian Charles Formation and in 
the outer rim, the Piper Formation overlies the Triassic Spearfish Formation.     
Differential compaction of strata directly above and below the unconformity is 
evident (Figure 30).  Areas which were structurally high after the impact, tended to 
compact less than areas that were structurally lower.  Specifically, the central core and 
the inner rim compacted less than the crater fill (Figure 59). The first stratum that 
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covers the entire impact structure is the Jurassic Piper Formation.  Where the Piper 
overlies the crater fill section, it is up to 250 feet (76.2 m) deeper than its regional depth 
(Figure 59). In the area rimming the central core, the base of the Piper Formation is as 
much as 500 feet (152.4 m) deeper than its regional expression (Figure 59).  
To understand the origin of the differential compaction of the underlying strata, 
the relative induration of the strata deformed in the crater and their degree of 
compactibility must be understood.  If the meteorite impacted during the Late Permian- 
Early Triassic, then the thickness of the stratigraphic section (undecompacted) that was 
deformed was about 3500 feet (1067 m) (top Lodgepole; to Spearfish: Figure 25).  The 
deeper strata that were deformed (i.e. Mission Canyon) were shallow marine 
carbonates that likely were cemented and indurated fairly early in their burial.  These 
strata form the central core of the impact feature, and are the structurally shallowest 
deformed portion and they are the least likely to compact (Figures 27, 29).  The inner 
rim consists of two sets of imbricate thrust faults (Figure 51).  The shallower set of 
thrust faults deforms Pennsylvanian to Permian strata.  The inner rim strata are less 
compacted than those in the central core, but remain structurally higher than the 
topographic low created by the crater in the annular trough (Figures 28, 30). In 
contrast, the space above the crater was differentially filled with thicker strata of the 
Triassic and Jurassic (Figure 63). 
In the local depression rimming the central core (Figure 59), the compaction of 
the overlying strata may also have been caused by the dissolution of the Charles 
Formation evaporite strata within the central core (Brenan et al., 1975). Differential 
compaction began to develop as early as deposition of the Middle to Upper Jurassic 
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Rierdon Formation. Stratal onlap has been mapped directly above the top Rierdon 
Formation in the seismic data set (Figure 30b). This onlap surface indicates that the 
Jurassic strata began to infill the depressions caused by compaction of the crater fill 
section and dissolution of Charles Formation anhydrites as early as the Middle Jurassic. 
In addition to some strata being deeper than their regional depths due to 
differential compaction, there is evidence of small scale normal faulting cutting the 
portions of the overlying Triassic to Jurassic strata (Figure 30b). The strata overlying 
the crater fill section are often bounded by small-scale normal faults on its inner and 
outer edge that have vertical offsets that are less than 150 feet (45.7 m) (Figure 30b). 
Much of the small scale faulting, caused by the compaction of the underlying section, is 
likely below seismic resolution. 
  
KINEMATIC MODEL FOR RED WING CREEK CRATER 
 Red Wing Creek shows structural and stratigraphic features that correlate with 
the three stages of complex crater formation described for other craters (Haughton 
Impact Crater, Canadian Arctic (Osinski and Spray, 2005). Crater formation has been 
divided into three stages: (1) contact and compression (compression propagates to the 
Middle Devonian strata), (2) excavation (the strata have been excavated as deep as the 
Mississippian Charles Formation in the central core), and (3) modification (production of 
inward dipping normal faults, radial thrust faults, folds, and outward verging imbricate 
thrusts), which includes most of the structural processes (collapsing of the crater rim) 
that contribute to the final morphology of the crater (Osinski and Spray, 2005). Although 
144
the cratering process has been divided into separate stages, some of the processes 
that form the crater likely overlap these boundaries (Osinski, 2006). Therefore, these 
stages are used only to describe the dominant processes that occur during a given time 
during crater formation (Melosh and Ivanov, 1999).  
  
 Contact/Compression Stage 
Theoretical Process 
The first stage of a high velocity impact involves the contact of the projectile, an 
asteroid or comet, with the target lithology. Once the projectile strikes, it displaces the 
target rock downward (Figure 65). The projectile velocity abruptly decreases due to the 
resistance of the target rock, and the sudden decrease in projectile velocity is 
compensated by the creation of shock waves at the interface of the compressed and 
uncompressed target material (Melosh, 1989). The shock wave then propagates 
through the target and the projectile, and such high pressures are encountered that the 
projectile and portions of the target are either melted or completely vaporized. When the 
projectile has transferred all of its kinetic energy and the high pressures have been 
released, the contact/compression stage comes to an end (Melosh, 1989). Overall, this 
is the shortest stage of the three stages associated with crater formation.  For a 1.0 km 
(0.62 miles) diameter projectile that travels at 15 km/s (9.3 mi/s) at a 45° angle, this 
stage is calculated to last 0.1 seconds (Melosh and Ivanov, 1999). 
Contact/Compression Stage at Red Wing Creek 
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 Because of the short duration of the compression, there is no obvious structural 
evidence of it besides the depressed and fractured strata at the base of the structure. 
The depressed section below the crater is due to the shock wave that is generated 
during contact and compression. The ground surface, during the contact and 
compression stage, is missing due to the Triassic to Jurassic unconformity that drapes 
the final structure at Red Wing Creek. Therefore, the surface stratigraphy is assumed as 
either Triassic or Early Jurassic during contact. This gives the crater an estimated age 
of formation of 220 to 200 Ma (Koeberl, et al., 1996).  
Excavation Stage 
Theoretical Process 
 The following stage is a continuation of the compression and contact stage, but 
the dominant mechanism transitions to excavation of the target lithology. The shock 
wave, which developed upon contact, continues to propagate and compress the 
material it encounters, but the target material is set in motion in an outward radial 
trajectory from the initial point of impact (Figures 65, 66) (Melosh and Ivanov, 1999). As 
shockwaves rebound and moved upward toward the surface, they produce downward 
directed rarefaction waves (Melosh, 1989), and the combination of the rarefaction and 
shock waves causes the excavation flow that produces the transient crater (Osinski, 
2006). The excavation flow results in equal amounts of target material to be ejected or 
to be displaced farther downward into the target, and most of the ejected material is 
deposited adjacent to the transient crater as an ejecta blanket. Late in the excavation 
stage, the material that was transported downward and radially outward changes to an 
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inward and upward particle trajectory, which begins to form a central uplift within the 
transient crater (Figure 66) (Osinski and Spray, 2005).  
Compared to the initial contact and compression stage, the total time required for 
completion of the excavation stage is significantly longer, which is thought to last 
seconds to minutes depending on the final size of the transient crater (Melosh, 1989). 
The final dimensions of transient crater are dependent upon properties of the target 
lithology such as density, strength, and gravity acceleration, but the depth to diameter 
ratio appears to be independent of target properties (Melosh and Ivanov, 1999).  
Excavation Stage at Red Wing Creek 
 The excavation stage of crater formation at Red Wing Creek can be divided into 
two distinct sub-stages (early and late excavation) based upon the dominant 
deformational processes that occur within each stage (Figure 67). Two dominant 
processes characterize early excavation. The first is the continued progression of the 
shock wave that was generated during the contact and compression stage. At Red 
Wing Creek, evidence of the shock wave is manifested in the strata underlying the 
primary structure (Figures 27, 29, 33). As described above, well data show that the 
Bakken Formation is depressed up to 600 feet (183m) from its regional depth in the field 
(Figure 33). In addition, sidewall cores collected from the Bakken Formation consist of 
indurated shale with brecciated sandstone clasts and secondary concretions. These 
samples are markedly different in lithology than the Bakken shale in the surrounding 
area, which are more fissile, darker shales. Wells outside of the depression (1-Larson, 
Turnquist 10-1) have significant gas shows in the Bakken Formation. However, none of 
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Jurassic (missing)
Pennsylvanian-Triassic
Mississippian
Ordovican-Devonian
Direction of particle flow
Shock wave front
Ejecta
? ?
A
B
Figure 67. Simplified, schematic block diagram of the (A) contact/compression 
to excavation stage and (B) primary excavation stage of the formation of Red 
Wing Creek Crater. (A) The shock wave reaches a maximum depth at the 
Souris River Formation and the strata above the Mississippian strata are 
excavated. (B) Excavation continues and the crater expands, but underlying 
strata are no longer compressed downward but begins to uplift in the central-
most portions of the crater.  
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the wells located within the depression (22-27, 34-28), have gas shows at the Bakken 
Formation level (R. Barton, personal communication, 2010). The side-wall cores and 
lack of gas shows in these wells indicate that the Bakken source rock is overmature 
within the depression due to the shockwave. Below the Bakken at the top of the mid-
Devonian Souris River Formation, the strata are no longer structurally depressed in 
comparison to the strata in the outlying areas of the crater. Therefore, the Middle 
Devonian strata, underlying the central crater, are interpreted to be the deepest point 
that the shock wave had reached (Figure 27, 29).  
 Besides the downward particle trajectory generated by the shock wave, there is 
also an outward and upward particle trajectory, which created an excavation flow within 
the overlying strata. Overlying the central crater, the entire Upper Mississippian through 
Triassic/Jurassic section is missing (Figures 27-30). Excavation propagated deepest 
within the central crater, and the depth of excavation decreases toward the edges of the 
crater forming an initial bowl shaped crater geometry (Figure 65). There is no obvious 
expression of the ejecta blanket in the well and seismic data in the outer rim strata; the 
ejecta blanket was likely removed during the erosion that occurred at the Triassic-
Jurassic unconformity, and/or the ejecta blanket is below seismic resolution (<100 ft, 
30.5 m). Well log data are also inadequate for detection and core data or image logs are  
required to detect an ejecta blanket .   
 The late excavation stage is a direct continuation of the early excavation stage, 
but there is a major change in processes that occur during the transition. Late in the 
excavation stage, the downward particle trajectory ceases and the inward and upward 
trajectory commences in the central crater (Figure 66). This is the first stage of central 
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uplift formation. Because the previous excavation removed the overlying section, the top 
of the central uplift complex at Red Wing Creek is marked by the Mississippian Charles 
Formation.  
Fourteen geological and geophysical studies of terrestrial complex craters have 
yielded the following relationship of structural uplift to final crater diameter: 
SU=0.1D 
,where SU is the maximum vertical displacement within the central uplift complex 
in kilometers and D is the final crater diameter (Grieve et al., 1981; Melosh, 1999). At 
Red Wing Creek, the Mission Canyon Formation is uplifted a total of 3,275 feet (998.2 
m) above the annular trough and the maximum final crater diameter is 5.7 miles (9.17 
km). According to this relationship, the theoretical structural uplift within the central uplift 
complex should be approximately 0.57 miles (0.91 km). Thus, the actual value of 0.62 
miles (0.99 km) correlates fairly well with what has been observed at other terrestrial, 
complex craters 
C. Modification Stage 
Theoretical Processes 
 The final stage of crater formation overlaps with the late portions of the crater 
excavation period. Uplift of the central portion of the crater begins during the late 
excavation stage and continues through modification. As discussed above, crater 
diameters that reach 4 km (2.4 miles) usually transition to a complex crater. Craters, 
which have diameters less than this threshold, will not change appreciably during the 
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modification stage; the only active process during this stage will be debris slides from 
the crater walls into the adjacent bowl shaped crater floor, and the final morphology of 
the crater will be similar to what is present at the end of its excavation.  
The morphology of complex craters, on the other hand, is modified significantly 
during the modification stage. As the central crater continues to be uplifted, the crater 
walls begin to collapse to form large debris flows or slide blocks, and, in some cases, 
stepped terraces (Melosh, 1989). Once the uplift of the transient crater floor ceases, the 
shape of the central uplift will have formed but the diameter of the crater may continue 
to increase as the crater walls continue to collapse. The continual increase of crater 
diameter suggests that there is no definitive end to the modification stage as erosion 
and collapse may continue indefinitely (Osinski, 2006), but numerical modeling 
estimates the total gravity collapse time of 10 to 100 km (6.2-62 miles) diameter craters 
are in the range of 10-30 seconds (Melosh and Ivanov, 1999).  
Modification Stage at Red Wing Creek 
 The modification stage of the Red Wing Creek crater is divided into two sub-
intervals based upon significant dominant morphological processes (Figure 68). During 
the modification stage, most of the previously discussed structural conditions developed 
(Figures 64, 68).  
 During the early modification stage, the central crater continues to uplift and the 
crater reacts to the instability by wall collapse along listric normal faults (Figure 69). At 
this point of formation, the crater walls extended from the Lodgepole Formation to the 
missing Triassic/Jurassic section (Figures 68a, 69), and once collapsing commenced, a 
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Jurassic (missing)
Pennsylvanian-Triassic
Mississippian
Ordovican-Devonian
Trajectory of particle flow
Radial Transpression RidgeRTP
Figure 68. Simplified schematic block diagram of the (A) early modification 
and (B) late modification stages of deformation. (A) In the early modification 
stage, the crater begins to collapse inward along listric normal faults as the 
central crater continues to be uplifted. (B) The late stage of modification is 
marked by the collapse of the over-steepened central uplift causing a conver-
gence of particle trajectories and the development of folding and outward 
thrusting. 
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downward and inward particle flow was generated. The downthrown blocks, composed 
of Mississippian through Permian (and possibly missing Triassic strata, although this is 
not indicated by well log data), were rotated and displaced inward along listric fault 
planes, which began the formation of the annular trough. The radial transpression 
ridges began to form during this interval. As the crater was collapsing downward and 
inward, this section was being thrusted laterally at its edges along high angle, thrust 
faults. 
 Most of the structural complexity within the final Red Wing Creek crater was 
generated during the latter stages of crater modification, due to cessation of uplift within 
the central crater. The central core reached a point of instability and over steepened 
causing the collapse of the central core (Osinski and Spray, 2005), and the generation 
of an outward and downward particle trajectory from the central crater. The 
convergence of the inward collapsing crater and the outward collapsing central uplift 
complex generated the extensive folding and thrusting present within the Lodgepole to 
Spearfish Formation interval (Figure 70). Finally, the top of the over-steepened crater 
edge collapsed and filled the crater floor with large slide blocks composed of the 
Permian to Triassic section present in the outer rim. As the blocks slide toward the 
central crater, they were thrust over each other laterally to compensate for the space 
lost during the downward and inward movement (Figure 71). Secondary slides and 
erosion of material likely filled the remainder of the space within the crater floor cavity 
completing the formation of the Red Wing Creek crater.  
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Figure 71. Simplified schematic block diagram of Red Wing Creek after  
primary modification has ceased. The final event of crater collapse com-
mences, which is the collapse of the oversteepened crater rim blocks onto 
the crater floor. The final structural character of Red Wing Creek crater is 
illustrated. It is likely that the crater fill contains portions of the missing Juras-
sic strata but there is no well data to support their presence. 
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Conclusions 
1. The Red Wing Creek structure is a complex impact crater located in McKenzie 
County, Western North Dakota in the Williston Basin. It is also a producing oil field that 
to date has produced 17 MMBO from Mississippian carbonates and its estimated total 
reserves are 60 MMBO. The original (apparent) diameter of the Red Wing Creek crater 
was 4.9 miles (7.89 km). After collapse of the over-steepened crater walls, the crater 
diameter increased to a final length of 5.7 miles (9.17 km). Because the upper-most 
strata has been removed by an unconformity, an exact date of impact cannot easily be 
determined, but best estimates from the youngest strata within the impact structure 
suggest that the impact occurred during the Upper Triassic or Lower Jurassic (220-200 
Ma). 
2. The Red Wing Creek crater is composed of three discrete structural zones that are 
differentiated by their internal and external characteristics. The first is the outer rim. 
Internally, the outer rim is relatively simple but it is bound toward the crater center by 
large normal faults. This marks the second zone, which is the annular trough. It is often 
rotated and there are zones where there is rollover related to the listric faulting. They 
are usually bound toward the crater center by antithetic normal faults or thrust faults. 
The third and final zone is the “central uplift complex” composed of the “inner rim” and 
the “central core.” Internally, the “inner rim” displays multiple structural styles that 
compensate for loss of space. The “central uplift” can only be characterized from the 
well data, and multiple stratigraphic repetitions suggest intense thrusting in this zone. .  
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3. The loss of space, due to convergence of the collapsing central uplift complex and 
the inward collapsing crater walls, is compensated for by three dominant structural 
styles: folding, outward directed thrusting, and radial thrusting. These three structural 
styles are seen within the “inner rim” of the “central uplift complex.” The inner rim is 
divided into an upper and lower level according to two regional detachment surfaces. 
The lower level is composed of the Lodgepole through Charles Formations and is 
characterized internally by folding and intense imbricate thrusting that detaches within 
the Lodgepole Formation shales. The upper thrust zone, composed of the Kibbey 
through Pine Salt Formations, is characterized internally by outward directed thrusting, 
which detaches within the Charles Formation evaporites. Both the upper and lower 
intervals of the “inner rim” are bound laterally by radial thrust faults or transpressional 
ridges. These radial thrust faults form as the crater collapses inward and converges 
laterally. 
4. The crater floor topography is highly irregular due to the intense thrust faulting 
present between it and the Charles Formation detachment zone, and the crater fill is 
composed primarily of separate collapse blocks derived from the over-steepened 
Permian through Triassic section of the crater rim. Internally, the blocks are thrust over 
each other laterally as space is lost inward and they are thrust over one another in a dip 
direction, where the crater floor rises dramatically toward the central core. Secondary 
crater fill was likely produced by additional collapsing, traditional depositional 
processes, and fall back of material expelled during excavation. 
5. Red Wing Creek is not the product of an oblique, low angle impact; likely, it is the 
result of an impact angle greater than 45°. Unlike craters whose structural asymmetries 
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indicate a low angle, oblique impact, the Red Wing Creek crater is much more 
symmetric. The radial thrusts in the northern half of the structure all thrust to the north or 
a general northern direction. The radial thrusts in the southern half of the structure are 
thrusting solely toward the south or a general southern direction. Maximum folding is 
also present in the northern and southern sectors of the inner rim, within the central 
uplift complex. These two structural trends of vergence suggest that the maximum 
shortening direction is on a general north-south trend and that the crater is primarily 
axial symmetric along an E-W axis. 
6. An unconformity overlies the entire Red Wing Creek structure, which spans the Late 
Triassic to Early Jurassic. The unconformity is recognized in the wells where the base of 
the Early Jurassic Piper Formation is encountered. The age of the strata underlying the 
unconformity varies across the structure. In addition, there is substantial differential 
compaction of the Triassic-Jurassic strata that overlie the impact feature.  Generally, the 
compaction is greater where the younger strata overlie areas that were structurally low 
(the area that overlies the crater fill).  
7. The formation of the Red Wing Creek crater can be divided into three separate 
stages: contact/compression, excavation, and modification. The contact and 
compression stage produced a shockwave that reached as deep as the Devonian 
Souris River formation. The Bakken Formation was depressed significantly by the 
shockwave produced during this stage. The excavation stage removed the Upper 
Mississippian through Triassic/Jurassic section in the central portion of the crater. Away 
from the central crater, the excavation was shallower and the Pennsylvanian through 
Triassic section is present toward the edges of the crater. The modification stage 
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produced most of the structural features present in crater’s final morphology. In this 
stage the crater walls collapsed inward and the central crater was uplifted. Toward the 
end of the modification stage the central core over-steepened, which caused a 
convergence with the inward collapsing crater walls. The majority of thrusting, folding, 
and radial faulting is a product of this event. 
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